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ABSTRACT 


Use has been made of the fundamental concepts of 
hydrodynamics to study the steady and tidal flows in the 
St. Lawrence River. 


The Equations of Hydrodynamics take on a very simple 
form for steady flow as it is the case between Montréal and 
Trois Riviéres. The definition and the meaning of the quantities 
tney reloatessucmsac ene mean depth .D, the inclination .oof the 
river bed I, of the surface Sx, have been carefully reviewed. 
The mean inclination of the surface of the river Sx, which is 
always positive, is found to be remarkably constant from year 
Uo yearn Inmsplreior .eney Varvations .occurring in the discharge. 
Using this fact,it is possible to deduce a value of the Chézy 
coefficient between Montréal and Sorel. 


me ptort.or_ the mean level for all the stations located 
between King Edward Pier in Montréal and Pointe au Pére shows 
the mean downwards slope of the surface of the river when 
mndisturbed by the tide, The monthly fluctuations of this mean 
level decrease downstream since the capacity of the river bed 
increases in this direction. The mean flow is found to be 
subcritical and therefore cannot impede the propagation of the 
tide upstream. 


The propagation of the tide may be understood using 
the time dependent form of the Equations of Hydrodynamics. An 
elementary solution of these equations shows that under the 
influence of linearized friction, the tide is damped 
exponentially and is retarded in its progress upstream. The 
actual occurrence of quadratic friction in the equations implies 
the creation of fast and slow shallow water constituents along 
the river; the speed of progress of the tide upstream is 
ascertained {rom Observations. The use of the current 
observations in conjunction with the time dependent equations 
of motion allows the deduction of the value of the Chézy 
coefficient which prevails in the part of the river which 
extends between Trois-Riviéres and Québec. 


The spectral analysis of the water levels recorded by 
the water level gauges reveals that the low frequency band 
Contains oscillation of 15, 9, 7 and 5 days which may be traced 
to the interaction of the tidal constituents. The change in 
phase and amplitude of the major tidal constituents deduced from 
the same analysis has been plotted and supplies the material 
which has to be reproduced in a mathematical model of the river. 
The current observations carried out by G.C. Dohler and the 
Ship Channel Division have been analyzed as well, whenever 
possible. The suggestion by W.D. Forrester that the average one 
dimensional currents in a river could be indirectly deduced from 
the readings on the tide gauges and the equation of contingecy 
rather than by direct observations has been confirmed by our 
analyses. 


A one dimensional numerical model of the St. Lawrence 
River has been elaborated. In it, the contribution of the 
tributaries, especially the Saguenay and the bifurcation of the 
river bed at Isle d'Orléans have been neglected. Still the 
model reproduces adequately the main features of the major tidal 
constituents; it reproduces qualitatively but not quantitatively, 
the shallow water constituents. It indicates that the 
fluctuations “in the discharge are tert yonly Upourecaneo, tic 
Québec constriction. The amplitude of the tide is little 
aitfected but its progress, May be lreeal aca ly ip tO so moll. 
The slow shallow water constituents are increased when the 
discharge is increased but in the range of the value of the 
friction considered (C=58m%/sec to C=52ms/sec), the: amplitude 
of the fast and slow shallow water constituents is decreased 
when friction is increased. Finally the model indicates that 
blockage anywhere in the river automatically involves an 
enhancement of the tide downstream. 


ii 


ABSTRACT 


PD Or wCON LGN to 


LIST OF FIGURES AND TABLES 
THE FUNDAMENTAL PARAMETERS OF A RIVER 
STEADY STATE 


NOrFHe OND UBWNH-H 


: ries Se 
4.3.4 


The 
The 
The 
The 
The 
The 
The 
The 


IDAL MOTION 


The 
The 


Equations of Hydrodynamics for steady state 
profile or ‘the> raver 

Significance of the quantities D and I 
inclination of the water surface 

mean level at various stations 

Chézy coefficient 

rate of change of depth with distance Dx. 
SOnVective #e6rm-and the’ critical/velocity. 


tide in the St. Lawrence River 
Equations of Hydrodynamics for time dependent 


motion 


The.order of magnitude of the terms contained in 


the Equations of Hydrodynamics 

An elementary solution 

The creation of shallow water constituents and 
their selective damping up the river 

The speed of propagation of the tide 

The critical points AS=0, u=0, ut=0 


A review of the current observations carried out by 


the Ship Channel Division and G.C. Dohler 
Spectral analysis 


The data available for analysis in the St. Lawrence 


River 
Water levels 


The analysis of the current observations at Québec 


Bridge and Isle aux Couldres 
Comparison of the values of the tidal streams 
observed with those predicted by W.D. Forrester 
using the Equation of Continuity 

A mathematical model of the St. Lawrence River 
The schematization 
The rewriting of the Equations of Hydrodynamics 
The results of the calculations 


CONCLUSIONS 
ACKNOWLEDGEMENTS 


REFERENCES 


The shallow water constituents 

The influence of the discharge on the 
propagation. of the. tide 

The influence of quadratic friction 
The, effect of the closure of the river 


ili 


Pid. 
Fic. 
Fig. 
Fig. 
apes 
Fig. 


Pid 
Pig. 
Pag:. 
Fig. 


Pac. 


Pigs 
cps Bo a 


DUS WN EF 


FOr Co) 


28 


ae 
30 


LIST OF FIGURES AND TABLES 


River Profile. 7 
The Inclination of the River Bed, I. 11 
The Slope of the Water Surface, Sx. 13 
Plot. of 0,6 vs Do3/<- 14 
Monthly and Yearly Mean“‘hevels: 10° Year Average. 16 
Monthly Deviation from the Yearly Mean Level. 

(a). Upper St. Lawrence »©(b) . LowersSt. Lawrence. 17 
Water Level at Trois-Riviéres. 26 
Water Level at Québec. 25 
Water Level at Pointe au Pére. 25 
Simultaneous Plot of the Difference in Level Between 

Québec Bridge and Basile Low Light and the Current at 
Pointe a Basile. 43 


AS between Trois-Riviéres and Cap a la Roche, u at 
Batiscan. 46 
AS between Batiscan and Grondines, u at Cap a la Roche. 47 
AS between Cap 4 la Roche and Portneuf, u at Grondines. 48 
AS between Grondines and Neuville, u at Portneuf. 49 
AS between Portneuf and Québec, u at Neuville. 50 
Low Pass of the Water Level at Point au Pére, Riviére 

du Loup or Tadoussac, Québec, Trois Riviéres, Champlain, 


Cap. 4. la Roche and Prontendac. ~%ay 2907 (hb) Foes 
(ey PoC. oF 
Power Spectrum of the Low Pass at Pointe au Pére, 
Québec, Trois Riviéres and Frontenac. 63 


Amplitude and Phase Lag Along the St. Lawrence of 
(a) “M5 "[b) So (Cy OND (dy hye) Op ee ce, AE 


(h) Mm. 66 
Location of the Current Meters and the Tide Gauges at 

Québec Bridge. 76 
Location of the Current Meters at Isle aux Couldres. 77 
Analysis of Stations B-29, B-32 at Québec Bridge. 79 
Analysis of Stations B-30, B-3l at Québec Bridge. 79 


Analysis of. Stations B=25, N=20, N-19°))0-7o and N-18 
at Isle aux Couldres. (a) Without Inference of 


Constituents (b) With Inference of Constituents. 80 
Width B of the Schematized St. Lawrence River. 98 
Depth D of the Schematized St. Lawrence River. 99 
Amplitude and Phase Change for Two Values of the Chézy 

Coefficients. (a) M2 (6) 82 Sey No ea fe On. 104 
The Fast Shallow Water Constituent M4 for Three Values 

of the Discharge. 106 


The Slow Shallow Water Constituents MSf for Three Values 

of the Discharge and Two Values of the Chézy 

Goeftficiene. 107 
The Constituent M2 for Three Values of the Discharge. 107 
The Amplification of M2 due to the Closure of the River 

at Québec Bridge, Trois-Riviéres and King Edward Pier. 112 


lV 


Table 
Table 
Table 


Table 


Table 


Table 


Table 


Table 


TABLES 


Phase Change and Attenuation Between Batiscan and 
Lavaltrie for Mz, Oj and MSf. 

Average Time of Travel of the High and Low Water 
Between Pointe au Pére and Various Stations Upstream. 
Value of Chézy Coefficient Deduced for the Section of 
the River Stretching Between Trois-Riviéres and Québec. 
Tidal Constituents of the Water Levels at Various 
Stations along the St. Lawrence River Deduced from a 
One Year Analysis. 

Current Observations at Québec Bridge and Isle aux 
Couldres. 

Results of the Analyses of the Current Observations 
Taken by the Ship Channel Division at Québec, Québec 
Bridge and Isle aux Couldres. 

Value of the Harmonic Constituents of the Currents 
Observed. Compared with the Values Calculated by 
Forrester Using the Equation of Continuity. 
Schematization of the St. Lawrence River. 


ot 


94 
100 


“wr. 
7 
* 
e 


a 
6 


heat eset ae gyawsed Had darhotad Ors at ai 


a 5. 
¥, Teo fat d 
pe it P 
i 
‘ 
= ’ 
* 
’ 
i. 
' ‘ 


‘ aa) 
wa er ke: 


ase] 


(ea 


NASA Se 


a 
nl malt 


ate Bets Yet cM x9 ora laved 7 
bu ais Pope ts In emt? opsrevaA - Sem 
Bence BY [yin ares ve sunio® neewses a 
hen) pee oie: seid Stat Rosai fiey rs 
OLE e seta we t ito lem eet oft 
Vaaciecteehiat Sty Apis soem nREswese dats? | 
i wile etiohras2 


Somes Paes we wr? 
maetana Tao i 


ahot J Av IeEdO Fea atisnd 


“Ay 


5 rr 5 
pe. Bs 
uy 
= = 


' cpr go ay 


THE FUNDAMENTAL PARAMETERS OF A RIVER 


Me Teqime Orsa raver may be characterized by the 
following quantities: 
1) Q: the discharge. The amount of water which flows bhiroug hi 
a vertical cross section of the channel per unit time. This 
quantity is not easy to measure directly but it may be estimated 
by integrating the values of the velocity of the current 
measured "at various points of the cross section.- A change in 
discharge will cause a change in the depth of water, larger 
discharges normally implying greater depths at a given point 
(as seen in paragraph 4). 
Units: meters3/second. 
2) D: the depth of water. D varies at every point of the river 
depending on the bottom configuration and it normally varies 
with the discharge. If a portion of the river channel is 
schematized in such a way that a vertical cross section is a 
rectangle of width B and depth D, the mean depth D acquires a 
precise meaning. 
Units: meters. 
3) I: the inclination of the bed of the river. The water can 
flow in a river only if the bed of the river slopes downward and 
if it is remote from a large body of water with which it would 
be in hydrostatic equilibrium. The inclination of a river bed 
is not at all easy to visualize from ordinary chart soundings 
and it is necessary to schematize the river into channels of 
Eectangular cross section in order to get some idea of it. 


nits: dimensionless... 


4) B: the width of the river. B happens to be an easy quantity 
to visualize but if marshes, reeds and islands are scattered 
near the shores, the river may "feel" a width which is quite 
different from the width which the eyercanisee, 

Units: mekexus. 

5) The friction. Friction is an invisible quantity bub wt Be 
the major factor controlling the -flow%of a river. Withou, 1 a 
river would always be dry as the water would run very rapidly 
towards the ocean. With Erietion. present, there .déevelopevar 
equilibrium between the urge of the water to tumble downstream 
and the force of friction holding 1t -back. Winder steady 
conditions, a constant velocity of outflow develops and the 
river surface will be inclined at an angle with respect to the 
horizontal. 


Units of the Chézy friction coefficient: meters%/second. 


STEADY STATE 

When nothing changes in time, although the conditions 
may change from point to point, we wish to study the relations 
between the various quantities which we have just described and 
which are descriptive of a river. To measure them we have water 
level gauges and current meters. Gauges are not difficult to 
install and they can operate unattended; they give us the 
elevation of the water surface above a reference level. This 
quantity seems to satisfy the hydrographers but it does not 
suffice for our purpose as we are really in need of the quanti, 
D, the actual depth of water. Current meters are more difttsewee 


to handle than gauges and cannot be left at one place 


maekinitely.. Used judiciously they can give us an idea of the 
Value or sthe discharge Q.at a section of the river, a quantity 
which is fundamental in our investigations. 

Gauges st Cungmabeorgsethie river; if they are all 
calibrated to the same reference level, will show the 
gneclination oOo. theesurface yor the-river as it flows downstream: 
In the portion of the river where the tide makes itself felt 
they will show the distortion of the water surface as the tidal 
BavetmMovVeswiny = apd sOUGan In.COon Junction with hydrographic charts 
which give mean soundings undisturbed by the tide or by the 
irregularities in the discharge, we may compute mean values of 
the depth D over the river. 

In the upstream portion of a river, steady state 
Pongigtons dO NOLequice prevail. |The discharge varies from’ day 
Los.day,sice yams form in the spring which distort.the profile 
Miastically for short, intervals o£f,time.. As_a consequence the 
deDenmowandetljeuInclinationeD vary from day.to day. . There 
arises the need to average out the fluctuations. The mean 
ValtesnOtsO, D, il and B may ‘be considered as characteristic of 


Ghe s particular river under study. 


f,eeThe Equations ofCHydrodynamics for steady. state 
For time independent motion, the quantities which we 
have just discussed are related through the equations (Stoker: 


Water Waves, p. 456; Dronkers: Tidal Computations, p. 158): 


Q=Q5 a constant (1) 


I - Dy - Q8/c2D3B2 = 0 (2) 


Q = the discharge in m3/sec 


g = the acceleration due to gravity, 9.80 m/sec? 
I = the inclination of the schematized bed of the river 
D = the mean depth of the schematized portion of the channel, 


in meters 


Dx = the rate of change looking downstream of the mean depth of 


water 
CG = the Chézy coefficient of friction in meyeec 
B = the effective width of the river in meters 
x = the distance along the river measured positive downstream, 


in meters 

(2) contains an extra convective term (Q2/gBD) (1/BD) x 
which is usually small compared to the other quantities. x used 
aS an index indicates differentiation with respect to x. 

We assume the absence of tributaries in (1) and (2). 
Equation (1) simply states that the discharge throughout any 
vertical section of the river is the same everywhere if steady 
state prevails. Ehis implies in “turn that D cannot chenge 
locally although it does change along the river as (2) indicates. 


Essentially, all” the information which (2) supplies is thac. 


Dx = I -Q6/C2B2D3 (3) 


on 


Wnvehe velltcis that the Local” rate of Change of the depth ‘of 
WeeerVUCpenas on Oo, Oly Ehe friction "coefficient C and’on the 
width B. Strictly speaking, B and D vary for each value of Qo 
and an the tidal portions of the river, vary at each instant of 
time. However, these quantities oscillate around mean values 
which are shown in Figs. 24 and 25 and which may be considered 
as representative of one be. Lawrence River.” Wehad to plot ‘the 
mean width B on a vertical logarithmic scale because it varies 
so immensely: from 800 meters near Deschambault to 52,000 meters 
ae Matane. Ine depth DPD decreases "more “or” less stéadily” from 250 
meters at Pointe des Monts to 3 meters in Lake St. Peter. 

The quantity which we know the least about in (3) is 
really not Dy which we may calculate indirectly from the readings 
on tide gages sand hydrographic’ charts but C the-Chézy 
CoctrVvcient Of friction. | We may therefore actually use (3) to 
obtain estimates of the Chézy coefficient for the upstream 
portion of the river where steady state conditions prevail on 
the average. However, before we succeed in this task, we have 
to look closer on how we may go about measuring D and Dy from 
schematized sections of the river, gauge readings and hydro- 
graphic soundings and how we can. succeed in obtaining some 


estimates of the inclination of the riverbed I. 


4. The profile of the river 
Gauges strung along a river actually measure hx, the 
inclination of the water surface with reference to a horizontal 


level, the International Great Lakes Datum (1ELb). at thescase wo: 


the’ St. Juawrence River, father than .the ywrate of (cnalngesenr eine 
mean depth with distance Dx. 

Fig. 1 may help to visualize the various quantities 
involved. This figure refers to a hypothetical small portion of 
a river made up of many elementary sections of length Ax. 

The depth has been averaged across the river and over the 
elements of length, Ax. his iic (whae We call ine depth ide 
dark solid line indicates the actual surface of the river, the 
hatched line, the -bottom of the river, assumedly sloping at a 
constant angle.f.downward...D 1s the depth of waten At a given 
point. The gauge itself measures h, the depth of water above 
IGLD or its complement S. The dotted line indicates a constant 
depth Do which is a possible regime of flow but which does not 
actnally occurnin the St. Lawrence River, 


Using the diagram we see that we can write 


ho would be the height read on the gauge if the depth were 
everywhere constant,.A.is the deviation from this conetant de nem 


Differentiation with respect to x gives 
Dy = Zx+thNoxtAx = I - I+ Ax = Ax 


Ay Simply measures the deviation of D from a surface of constant 


depth.  “Thererore, 


Dyes (4) 


FIG.1 RIVER PROFILE 


aN Bottom 


Surface 


IGLD 


From a physical point of view we are more interested in h as 


read ‘by the tide gauge’ or ats complement S. Fig... 1 indicates 
hy = hoy + Ay = -I + Ay = cI + Dx = -I+I-08/C2B5D3 


OG 


i 


hy = -Sy = -04/C2B2D3 (5) 

06/c2B7D3 does not change sign and is always a positive quantity; 
therefore, hy is always negative downstream, i.e. the water 
surface must always slope downward in steady state conditions or 


equivalently, Sy, is always positive. 


3. The Signiticance. of the quantities ) and @ 

Although we have used D and I in the previous 
paragraph, we have not yet given them a precise meaning: this 
is now our task before we proceed to use formula (5). 

D is meant to be the depth of water in the river ata 
given section corresponding to a value of x; in fact it varies 
at evexy=point across and adong the river. Hydrographic charre 
show a fair collection of depth samples which have been reduced 
*o an arbitrary datum. The depths shown are "safe" depths in 
the sense that the actual depth of water at any given time will 
usually exceed the depth shown on the map. Where there iy a 
tide, the hydrographic depth will be the depth of water at one 
of the lowest low water; where there is no tide, the depth shown 


is, related to the average water level. The first step =inmecrces 


to obtain a manageable value of the mean depth D which can be 
utilized in our calculations is to divide the river bed into 
Short sections of fairly uniform depth and width and average the 
hydrographic soundings over it. The gauge readings at a 
particular station like King Edward Pier, Frontenac and so on, 
give the height of the water surface above a given reference 
tevel atethistparticullardvlocations’9It variestallsthe™time and 
we have to take its average to compare it with the average depth 
obtained from the chart soundings for the channel around the 
station. For instance, the 10 year average at the gauge site 
of King Edward Pier gives 6.62 meters while the average depth of 
water in the corresponding channel turns out to be 6.19 meters. 
We establish the correspondence: 
6.62 meters at King Edward implies a depth of water of 6.19 
meters in the corresponding channel and so on. 

In 1969, the mean annual” lével-read’ onthe "qauge: at 
King Edward was 6.86 meters. I surmise that the depth of water 
in the channel was 6.44 meters. In the regions where there is: .d 
tide, the average depth deduced from the soundings should be 
increased by the mean half range of the tide strictly speaking. 
In practice though, the actual mean soundings may be kept as a 
useful representative quantity since taking account of the 
Ghange of depth during the tidal cycle introduces second order 
effects which it is not the purpose of this paper to investigate. 
We are more interested in having first a more general view of 
the basic mechanism present in the river. 

The quantity I is even more difficult to extricate 


from the gauge readings and the soundings. At King Edward, the 


10 


10 year average gauge reading indicates that the surface of the 
water at this station stands at 6.62 meters above mean sea level 
(which we assume to coincide with IGLD). From the soundings, we 
had calculatedsajmean depth of%6.19 meterse for hihesportien sot 
the river bed enclosing King Edward; we deduce that the river 
bed stands at .43 meters above msl at this location. The Sorel 
gauge indicates a 10 year average of 4.69 meters while the 
average of the soundings in the vicinity gives 7.40 meters; we 
conclude) that«thesriversbed:liespat 2971 metenssbelowums banlin 
this fashion we may obtain the mean inclination of the river bed 
between King Edward and Sorel. The distance between the two 


stations is 68,600 meters and therefore: (see, Pag ss2): 


T=3..d4/68600t=m4 .6x105- 


With the same information we deduce 


shy=Ss=168/68600=2.6x105- 


We notice that the river bottom slopes more rapidly than the 
river, surface, ing this, portions.of, the. viverds Inepuactacesyweyare 


not too#concerned.with. Ivsincesat cancel s.cout) O£s45). 


4. The inclination of the water surface 

The gauge readings: give us: avdirect: indication ©f Sx, 
the, inclination .of the water surface. Such gauge weadinge sare 
published by the Canadian Hydrographic Service under the Tides 


and Water Levels Section. We consider that under average 
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King Edward 


IGLD 


FIG.2 THE INCLINATION OF THE RIVER BED 
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conditions steady state prevails between Montréal and Sorel; 
therefore. we. calculate. Sy,over, this. portion of the river Fic. 
3 shows the mean profile S between the years 1962 to 1969; the 
rate of change Of, this,profile with x gives, Sx. We have gen ered 
with each curve the value of the mean yearly discharge Qo; there 
is an adequate correlation between the discharge Qo and the 
overall depth of water in the river, but, 1t Be ee is not 
absolute. 

What is remarkable. in Fig.."S.is that in spite of D 
varying quite appreciably with Qo, the profile itself seems 
little affected. It differs from point to point like between 
King Edward and Sorel and between Lanoraie and Sorel, but it 
Changes only very slightly from year to year. /Sx oscillates 
between 2.48 and 2.74x10-2 for 1964 to 1969 between Frontenac 
and Lanoraie while D itself undergoes variation of over one 
MCLeCT.; 

If Sy is so remarkably unjvtorm from year to year, 
would indicate that 04/pD3 is nearly a constant. This may be 
ascertained by plotting Qo vs D3/2 for some of the stations. 
Fig. 4 shows this type of plot for Frontenac, King Edward, 
Lavaltrie, Lanoraie and Sorel from observations on the annual 
mean taken between 1962 and 1969. The horizontal scale for 
Lavaltrie is different and this has been indicated on the 
diagram. This fact in, turn, indicates that. the depth varies 


directly with the “diecharge according to the relation; 
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Se tie mean level at various stations 

ane gauges alsosindicate directly the water levels 
at the points where they are located. The mean value of the 
levels has a climatological value and Fig. 5 shows this mean 
tevel on a monthly and yearly basis for a 10 year average at 
Pie prancipal stations strung along the river. 

The fluctuations in mean levels decrease gradually 
downstream till they become nearly imperceptible at Pointe au 
Pére. At King Edward and Frontenac, there is a large drop in 
level in January and February following the freeing of the 
channel from the ice. The next feature common to all the 
curves is the increase in level in March and April created by 
the melting of the snow cover. These variations in level are 
maximum between the mouth of Lake St. Peter and Québec. 
Afterwards, the level drops uniformly to’ reach a minimum. 
value in September when they start increasing on account of 
the increased precipitation. 

Figs. 6a and 6b show the deviation from the mean 
yearly level of the monthly levels. As expected these 
deviations enclose each other like an envelope since the bed 
of the river expands downstream and is increasingly less 
affected by the fluctuation in the discharge. The only 
exception to the rule is Trois Riviéres during April which 
exhibits then larger deviations from mean level than the 
Stations on the other Side of Lake St. Peter such as Sorel 
and Lavaltrie. 

The mean level may deviate by as much as 1.3 meters 


in Montréal while at Québec its deviation seldom exceeds 20 
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centimeters. Ice free conditions in Montréal should reduce the 


fluctuations in level appreciably. 


6. The Chezy coefficient 
The term 92/c2B2p3 is meant to represent the effect of 

PotOelon ale ocs SO bul yery imperfectly. It is adequate for 

the purpose of our investigations. It depends fundamentally on 

the value of C, the Chézy coefficient. There exist theoretical 

estimates for this parameter (Dronkers: Tidal Computations 

p. 157) but in practice it has to be determined from 

observations. (5) may be utilized for this purpose since Sx 

and B are known and since we have established that Q,/D3/2 is 

approximately a constant of value 483 m3/2/sec according Co 


Fig. 4. Between Montréal and Sorel, Sxv2.6x1l07° and the average 


Wadtaecr the raver is 1850 meters so that 


cv 53 mi/2/sec 


7. The rate of change of depth with distance, Dx 

Peeorainog tO ts), Dx, tie change ot depth of water as 
one moves downstream may be positive, negative or zero depending 
on the relative magnitude of the two quantities on the rignt 
hand side. 

Dx<0 over a longish stretch of the river would imply 
that the depth of water would eventually reach zero, a situation 
which definitely does not occur in the St. Lawrence River. 

Dx>0 implies that D increases steadily downstream so 


that in turn the friction term on the right hand side diminishes 
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steadity and ‘the’ Dy°!l ‘for large” x°*which means that the surface 
of the water eventually becomes horizontal. An inspection of 
Fig. 1 shows that this is what actually occurs in most fivers 
and in the St. Lawrence in particulay.« 

The special case Dxy=0 corresponds to the situation 
considered by Chézy in which the depth of water is constant 
throughout the channel. Experiments seem to indicate that such 


a state of flow is unstable. (Dodge and Thompson: Fluid 


Mechanics. p. 247). This special case is illustrated by the 
dotted Line in Fig. ‘1.4 ..In this particular! instance 5;-1 and 
therefore 


Sx=06/C2B*D3 
which in turn implies 

5 

Sx & Qo 


- 

I did plot SY vs Qo in the upper reaches of the St. Lawrence; 
L 

I could find no. correlation|at all béetweenys. and One Iiirs 


therefore unlikely that D,=0 holds anywhere in that area. 


8. The convective term and the critical velocity 
We have dismissed the convective term in (2) as being 
negligible in the St. Lawrence. We may now verify this. 
Throughout the paper we schematize the river bed as 
having a rectangular section of width B and depth D. We may 


then write 
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Qo=BDuo 


u, being the mean velocity of the current along the channel 


under consideration. The convective term becomes 
u2D /gD 
oY’x/IJ 


assuming that only the depth varies downstream. We had noted 


that between Montréal and Sorel 
I~ 4.6x107> Sx © 2.6x1075) © Dg=I-Sx v 2x1075 
Up nowhere exceeds 2°-m/sec and D~ 6m. so that 
ug/gD ~ 1/90 
so that the convective term 
usDy/gD V Dy/90<<Dy, I 
Similarly 
02 /c2B2p3=u2 /c2D= (u2D,/gD) . (g/DyC*) 
Now g/DxC2 ou 13 solthat Q2/c2B4D3 % 18letimes: thes convectuve 


term. The convective term cannot always be neglected. For 


larger velocities than those quoted for uo it has to be retained 
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in equation (2). An analysis of the complete equation (2) 
including the convective term indicates that Dx steepens to 


infinwiyater 


Up= (gD) 4s 


which is known as the ‘critical ivelocity«.= At this welociey a 
hydraulic jump may occur and waves dowstream are effectively 
prevented from moving upstream. The velocity of the currents 
in the St. Lawrence is well below the scriticabivelocity? thus is 


the reason why the tide can move so far into the river. 


TIDAL MOTION 
1. The tide in the St. Lawrence River 

From Trois Riviéres at the mouth of Lake St. Peter, 
onwards to the Gulf of St. Lawrence the river flow and the water 
level become increasingly affected by the tide. 

First, the modifications are slight and are appreciable 
only over intervals of two weeks or more. Fig. 7 shows the 
changes in level during a month at Trois Riviéres. The daily 
tidal fluctuations ride on the back of a more important semi- 
monthly oscillation. Downstream of Trois Riviéres the diurnal 
and semidiurnal oscillations become predominant. The change in 
level is the shape of saw teeth when plotted on a time scale as 
can be?'seen) fom! instance’ an the| pilot of ASian Fig! 12 see 
steep and rapid increase in height followed by a more gradual 


lowering of the level till the cycle is repeated with: varying 
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intensity (upside down). "Such"a curve™necess1 tates many 
harmonics to describe it. 

The tide reaches its’maximum amplitude in the vicinity 
of the Isle aux Couldres; downstream it decreases and takes a 
more symmetrical oceanic character., aPigs. 6 and 9 show ihe 
change in level at Québec and Pointe au Pére during one month. 
Québec is a station where the tide has a shallow water character 
although the tight time scale of the diagram does not allow to 
fully realize this’ fact “(Look instead et Pig. 2) witee ae 
Pointe au Pére the tide has a smooth oceanic character. 

The surface slope Sx studied in the previous section 
is no longer constant and it varies from instant to instant. In 
contrast to (4), it may become negative i.e. the water level is 
higher downstream than upstream, for instance before high water. 
The river flow Q as well, becomes an oscillating quantity ‘and 
below a certain point, located in the vicinity of Grondines” and 
Batiscan, the water may flow upstream during appreciable 
intervals of time. As the capacity of the river bed increases 
downstream, the steady flow Qo contributed by the discharge of 
the river and its tributaries becomes imperceptible compared to 
the oscillating flow Q created “bythe tidev™ There ‘vs"an 
intermediate zone though, which stretches between Trois Riviéres 
and St. Frangois (Isle d'Orléans) where the river discharge Qo 
and the oscillating flow are of the same order of magnitude, = an 
this area Qo and Q will interact with each other through the 
influence of the friction represented by the Chézy ‘termoaim enc 


equations of motion. The tide will be damped by the friction of 
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the river bed and!ats’ progress: will be*slowed down by the 
discharge. High and low water will move more and more slowly 
upstream and they rapidly decrease past the constriction of 
Québec City; the interval between low and high water will be 
shortened while the interval between high and low water will be 
increased. The interaction between the tidal constituents 
creates slower oscillations of a period of two weeks and one 
month which increase in amplitude upstream and eventually 
dominate the whole tidal motion in the vicinity of Trois 
Riviéres. Eventually these slow oscillations and the more rapid 
diurnal and semidiurnal oscillations become extremely weak 


upstream of Lake St. Peter. 


2. The Equations of Hydrodynamics for time dependent motion 
A fair amount of the motion in the St. Lawrence where 
the tide is of importance may be described and understood with 


the help of the simplified Equations of Hydrodynamics: 


Oxy + BDE = 6 (6) 


Q 
a ie cg nei a 


c2B2p3)  g BD. g B2pD2 


(Dronkers: Tidal Computations 196-197). The symbols have 

already been defined. .t stands for.time.«,, Equations (¢)@and (a) 

reduce (1) and (2) when the time dependent terms are dropped. 
Our first task is to investigate which of these terms 


may be evaluated from observations. The flow Q is the total 
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flow across a vertical section of the river; it embodies the 
river discharge Qo and the oscillations due to the tide. The 
Low eanmorl yy De measured directly with the help of current 
meters; this instrument measures the current at a given point. 

To? obtain the filow~@°-from Such current measurements it is 
necessary to investigate the horizontal and vertical distribution 
Of the current'in the vertical section which unfortunately 
differs for each stage of the tide and to do a space integration. 
A sensible technique for getting an idea of Q is to make a set 

of preliminary measurements at many points across the section at 
various depths and try to locate the point where the current is 
approximately equal to the average current going across the 
Section. A Self recording current meter can be installed there 
to study the time variation of Q from observations of the current 
ae single pornt of the section. 

The width B and depth D can be deduced from the 
schematization of the river and readings of the water level 
gauges. The gradient in flow Qx can only be found if values of 
the flow are measured at sections which are megers spaced, a 
costly undertaking. The equation of continuity (6) allows us to 


re-express Qx in terms of Dt since 
GeieareB. De 


Therefore, the useful form of the equation of motion is 


Beier ee Bt BODE (8) 


c2p2p3.sgBD_~—s gBD* 
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Sy can be inferred immediately from the differences in readings 
between the various tide gauges strung along the river. 
Z.1. The order of magnitude of the terms contained 

in the Equations of Hydrodynamics 

Keeping..in,mind.that~allsthe quantaties,presentnan.( 34 
vary. at each instant of.time, it.is still,desirable to compare 
the order of magnitude of the terms present in (8). 

If we use the observations of the Ship Channel Division 
at Québec Bridge in 1968 we notice that the difference in level 
between Basile Low Light and Québec Bridge oscillates between 
+ and - 40 cm over a distance of two nautical miles (3.7 km), so 


that 


Sian Vn 10Y Ser ede, Ls © 


To estimate the maximum values of the remaining terms we use the 
fact Q=BDumean 

and 

C=52 m/sec 

B=1650 m 

D=21 m 

Umax=2m/sec 

Utmax 2m/sec/2 hours 


Dt=3m/6 hours 


then 
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Q+/gBD=ur/g v 107-5 
20D+/gBD2 = 2uD¢/gD ~ 3xl0-6 


dive Cerms' “are Of thie same “Order” of “magnitude with’ the “exception 
of the convective BSE Ning copy which is smaller than the rest. 

The instantaneous values of the terms considered may be vastly 

different from the values quoted but here we have tried to 


estimate their maximum possible values. 


2.2 An elementary solution 

Equations (6) and (7) cannot be solved analytically; 
still there is little point in embarking into involved numerical 
computations before getting some insight into the physicai 
Situations they may describe. We may drop the convective term 
without more ado, now that we have convinced ourselves that it 
is relatively small. We will replace the troublesome friction 
bermiyoy a linearized term of the form. .rQ; this is a 
mathematical artifice which renders (6) and (7) tractable 
analytically although this excludes from our possible solutions, 
physical situations which we will have to face eventually such 
as the creation of shallow water constituents. 


(6) and (7) become in their simplified form 


I-Dx-rQ = Q+¢/gBD (7a) 
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The D at the denominator of (7a) makes things unmanageable as 
well and we treatit as alfconstant depth De... This Matter 
approximation is adequate in relatively deep water where Dx and 
Dt are small compared to the mean depth of the water column Do; 
finally we drop I compared to Dy since retaining it increases 
the analytical manipulations without improving our physical 


understanding. We are now left with 

Qx+BDt = 0 (6b) 

Dxt+rQ+Qt/gBDo =: 0 (7b) 

At this stage, the time and space dependence of D and Q can be 
treated as separate factors of the form X(x)T(t) and since we 
work with tides which are periodic oscillations, we write 

T(t) v eldt 
We consider a channel or rectangular section of constant depth 
Do with width: Bo. The solution of (657 and*({7b) “for *suchre 


Channel are 


D,O G-ettkx terot 


where 


K= V10Bo(rtic/gBDo) = Vo2B2r2+04/g2D2 exp [i¥arc tan BorgDo/o] 
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K has the form K=a+i8 and e#Kx contains a factor et8X, 8g depends 
essentially on the friction r and it would vanish if r vanished. 
Linear friction automatically creates an exponential damping in 
the elevation and currents associated with the propagation of 

ene Tide €tiic texponentiar increase "does not make physical sense). 
The a part of K may be interpreted as a wave number; without 


4. The wave length would 


linear friction it would be o / (gDo) 
gepend on the frequency o and the depth Do of the channel. With 
the addition of linear friction the wave length depends also on 
Yr; Since o2par2 re essentially positive, the wave length is 
shortened with the occurrence of linear friction. 

We could write out explicitly the solution to (6b) and 
(7b) using the basic relations we have just derived. There is 
little point in doing this as these solutions are given in 
innumerable textbooks (Dronker: Tidal Computations p. 225 ff. 
N2cant 1 ephysica Oceanography (Vol. t2sp.s.142 ££. Stoker: Water 
Waves pp. 37-54). All that we wish to retain is that linearized 
friction implies an exponential decay in a tidal wave progressing 
upstream and a shortening of its wave length. | 

The solution of (6b) and (7b) is possible for more 
complicated channels such as a channel whose width and depth 
vary exponentially, linearly or quadratically. Besides the 
analytical complications, the physical results are the same. 
Linear friction damps the amplitude and currents associated with 


the travelling tidal wave and there occurs a shortening of the 


wave length. 
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2.3 The creation of shallow water constituents 
and their selective damping up the river 


We now have to look at the new features brought by the 
non-Linear friction term. A frontal attack cannot do ae thie 
term makes (6) and (7) intractable, but one may get some 
information by using some devious means. We substantiate, with 
the help of a little bit of algebra, the two following 
Statements: 

1) the shallow water constituents are created by the 
interaction of the tidal constituents with each other and 
with the river discharge through the friction term u|u|/c2pD 

2) The low frequency constituents can travel further up the 
river than the higher frequency constituents before being 
damped away. 

From Trois Riviéres to Montréal, the current is one 
directional and the tidal streams become quite small compared 
with the steady current due to the river discharge. In this 


part of the river, we may therefore write: 


ul] ul /C2D=u*/c2D 


If we consider only two tidal constituents along with 


the river discharge, we get: 


U=Ugtuj Cos (0, t-a, ) tugcos (dyt-a5) (9) 
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and we assume 


u,<<Uo U5<<SUo 


1 


The friction term becomes explicitely: 


u*/C*D=us+ (u?+uZ) +2u ou, cos (o,t-a,)+2u_u,cos (o,t-a,) 


+hue 


a eae a 
ee Ae a1) +4u5cos2 (ot a.) 


tu, U, {cos[(o,+0,)t- (a, +05) ] +cos [(o “d4)t- (a -O5) 1} (Gs) 


Ni li 


Even taking into account of our very restrictive 
assumptions about the components of u, (9) still cannot be a 
Ser1ucion to equation (8) 1f the friction term is given by (10). 
In an iteration process however, assuming that it will converge, 
we may consider (9) as a first order solution obtained without 
the friction term while an improved solution may be obtained by 
retaining the linear terms in (10) and by iar aoe the 
non-linear ones: 


2 2 eS s 
u,/C“D % ug + 2uou,cos(o,t-a,) +2u,u,cos(o,t-a,) (1) 


1 
The terms in Uo¥y and UjU5 represent the interaction of 

the tidal constituents with the river discharge; the term u,U, 

represents the interaction of the tidal constituents with each 


ether. 1f, for the sake of an example, we take as ‘the’ two 
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tidal constituents, M. and Sos (10) indicates that their 
interaction through the friction would create shallow water 
constituents such as Myr Sar MS, and MSf. The terms in U4 and 
U,Us will modify M. and S5 themselves. The use of (11) allows 
us to separate the solutions for Ur Uy and Uy. The solution 


for constituents 1 and 2 has the form: 


Un exp. fret. “t oe c (l - 2igu./C%oD) x] (1?) 
(gDie 


the amplitude of the wave moving up the river is modulated by 


the function 
exp [-io/(gD)% (1 - 2igu,/C2oD)% x] (133 
which differs from the usual sinusoidal modulation factor: 


S214 © Neiges ORe x 


(gD) % 


for a wave travelling upstream without friction. 


The argument of (13) has the form 


-io (a-iB) (14) 
(gD) % 


o is akin to the wave. number K=o / (gD) % but it is modified by the 
friction. Boa/(gD)% reduces the amplitude of the wave 


exponentially. 


the explicit expression for o and 8. is 


COS 


2a2/C452np21% 
[1+ (2u9) #g4/C#o0*+D4]%4 ae 


— 
DL 
ed 
i 


| (4 arc tan 2uo9g/C2oD) 


COS 


(2Ugg/oDC2) * a (5 arc tan 2uog/C2aD) (15) 


Potro) (Swiicn molds *for the tidal. constituents. 

We may insert some numerical values into (13) and 
check if the calculated phase retardation and the attenuation 
agree at all with the observations. 

Between Lavaltrie and Trois Riviéres, the mean depth 
D ~~ 6.6 meters, while between Trois Riviéres and Batiscan 


Pie 7 meters. We take iu, © 55> cm/sec .1C. ~ 52m%/sec 
OM, = 1.41xl0-4/sec 09, = .73x1074/sec oyge = -049x10-4/sec 


The distance between Lavaltrie and Trois Riviéres is 82.4 
kilometers while the distance between Trois Riviéres and 
Batiscan is 31.9 kilometers. 

Table 1 shows a comparison between the observed and 
calculated values of the phase retardation and of the 
attenuation. 

The attenuation between Batiscan and Trois Riviéres 
is larger than our estimate but it must be understood that the 
assumptions underlying (11) do not hold in this area. But even 
there our qualitative deduction that the damping of MSf should 


be much less than that of M2 and Oj still holds true. 
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2.4 The speed of propagation of the tide 
A wave travelling in a frictionless channel should 


propagate’ at’ a> ‘speed: 
cle &g@D)% (16) 


In the lower St. Lawrence the tidal oscillation is intermediate 
between a standing wave and a travelling wave. Upstream of 
Québec the tidal wave takes a definite progressive character. 

In a frictionless channel when one is in presence of 
a mixture of standing and travelling waves, the crest of high 
Wacer chould “always travel at a speed in excess of (16)%:2£sthe 
crest, anywhere in the channel, travels at a speed less than 
(16), one 1S in presence of a damped travelling wave. The use 
of (12)aco0nfierms! this fact) atleast: qualitatively, keeping in 
maw ene timdtieat vonsie feaitse valadity..o From, (12);we! deduce, that 


the speed of displacement of a damped wave is 


c' = (gD) %/r } (17) 
where 
Bal .8o7 for Mp 
2. oto Oy 
=8.17 for MSf 
Therefore in the presence of friction, free waves travel at 
different speeds depending on their frequency and they always 


travel more slowly than an undamped wave. 
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Also, ‘an inspection of the speed of travel of high and 
low water in the upper St. Lawrence indicates that the low water 
travels more slowly than the high water. Thestacts tet tie 
depth of water D in the channel is less at low water than ac 
high water@émay explains this.fact as the difference anpdeprn 
between high and low water equals the range of the tide. 
However, the low water travels much more slowly than would be 
predicted by simply inserting the appropriate value of the depth 
in (17) thus indicating: that: our: algebra) does explain many facts 
qualitatively but not quantitatively. A more refined numerical 
analysis is necessary in order to obtain some quantitative 
agreement. 

The distance between Québec and Grondines is about 
93 km and the crest of high water takes an average of 23 hours 
to reach Grondines from Québec; therefore, the high water 
travels at about 10.3 m/sec. The average depth between the two 
localities is 12 m. and therefore the speed of the free wave in 
the absence of friction should be c=10.9 m/sec. The actual wave 
travels more slowly than the free wave and it therefore consists 
of a damped travelling wave. 

To conclude, we give a table of the time of travel for 
the high and low water at neaps and springs between various 
stations (Table 2). These averages are based on the occurrences 
during April and October, 1964. The low water at neap is higher 
than the low water at spring; this may ‘explain why ait travels 
appreciably faster. The table “indicates that tthe high watexeae 


spring reaches Québec before St. Fran¢eois on the Island 07 
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Table 2 


Average Time of Travel of the High and Low Water Between Pointe 
au Pére and Various Stations Upstream in Hours. 


A B ¢ D E F G H 
High Water 
Spring 0 7 ak a ie. SS) Se) Sry Wena 
Neap 0 4.0 rs 5.4 6.0 6.8 6.3 Tad 
Low Water 
Neap 0 ig sme 6.4 7.4 8.4 3.3 BOL 
Spring 0 4.8 San. 7.4 Bel a) oS Piz 


Cap a la Roche 
Trois Rivireres 


A Pointe au Pére 
B Ste-Francois 

G Québec 

D Neuville 

E Portneuf 

F Grondines 

G 

H 
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Orleans. This is hard to believe and even more difficult to 


explain, but many observations confirm this fact. 


2,5 The critical points AS=0,u—0,ut=0 
For a channel of constant width B and depth D, (8) 


reduces to 


Sy,=ulu|/C2D+ut/g - 2uD¢/gD (19) 


u being the mean current across the section. 

Sx may be written in finite difference as AS/Ax, where 
Ax is the distance between two tide gauges while AS is the 
difference in level between them. When AS=0, the water level is 
horizontal all along the portion of the channel considered and 
this implies Sy=0. From (19) we deduce that if Sx=0, the 
friction term u|u|/C2D should approximately balance the 
acceleration term ut/g, neglecting the convective term. In 
theory therefore one may deduce the Chézy coefficient C by 
evaluating u and ut at the instant when AS=0. In practice 
though it is not easy to get an accurate value of ut. 

Finally when ut=0, the currents run at their maximum 
velocity either at flood or ebb and there should be an 
approximate balance between the surface gradient Sx and the 
friction term u|u|/C2D; this case gives us our only real chance 


to evaluate C when there is tidal motion. 
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2.6 SA) review ofithe current observations carried out by 
the Ship Channel Division and G.C. Dohler 


There is now some material available for the study of 
(19), namely the work carried out by the Ship Channel Division 
near the Québec Bridge in 1968 and the current survey of the 
Woeper Stee Gawrence Carried out by G.C. Dohler in 1960. 


In finite difference form (19) becomes 
ds _ujul du L_ 9 aD L 
Ax C4D KEN Big Ate. gD 


We obtain values for AS, AD/At, and u by setting up tide gauges 
at bothoendstofwthe! channels and) a’ current meter»in' the middle 
where we assume that we effectively measure Q. 

invl968,°thesShip Channel Division set up two tide 
gauges, one at Basile Low Light and the other at Québec Bridge, 
located exactly two nautical miles apart; they also installed 
one at Pointe a4 Basile, located halfway between the two stations. 
At»the same point they installed a self recording current meter 
at the appropriate depth. Such a set up is ere ideal for our 
present investigation. During the interval of observations the 
current meter worked quite adequately but unfortunately the 
results obtained from the tide gauges are questionable. 

The tide gauge installed at Pointe a Basile which at 
first sight looks superfluous could have been used to check the 
other gauges but unfortunately its indications cannot be used at 


all: the high and low water which it records occur one or two 


hours after those at Basile Low Light and Québec Bridge. There 


42 


is something basically wrong with the clock mechanism or the 
abstraction of the data. The gauge at Basile Low Light seems to 
have worked properly during the interval of interest Dut? fave 
the definite impression that the gauge at Québec Bridge was 
damped and had an appreciable time lag behind the true water 
level. This has unpleasant consequences as the quantity AS, the 
cure renee in level between Basile Low Light and Québec Bridge 
is very slight, seldom exceeding 30 cm, and a small error in one 
or the other water level suffices to make it very nearly 
impossible to verify (20) in this portion of the river where it 
would have been extremely interesting to put it to test. 

Although the two stations are barely two nautical 
miles apart there is an appreciable difference in mean level 
between them: the observations give a mean of 64 cm at Basile 
Low Light for October, 50 cm at Québec Bridge while the mean 
level at Québec (Lauzon) was 40 cm. The difference of 14 cm 
between Basile Low Light and Québec Bridge seems a bit high to 
me and there might be an error in levelling at one or the other 
gauge sites considered. 

I did plot AS and u for this portion of the channel on 
a time scale for a few days in October when the two gauges 
seemed to work not too badly, although one of the gauges gave 
some indication of driftings« The! plot) of wands AS asyshown in 
Fig. 10. The current curve is sensible enough. We notice that 
the.anterval,.of flooding is shorter: than. the) time,of.ebbsand 
that the current, runs. at. maximum flood;only, for.a veny short 


time whence it turns suddenly to ebb during which it flows at 
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nearly thessame | velocityefornabouthfourshounse) aihercucrens 
curve exhibits the saw tooth structure which we mentioned in the 
paragraph ion; thertide-din«the St. chawrence Rivernegitheudiifesence 
in level AS between Québec Bridge and Basile Low Light has the 
proper shape as well; the level at Québec Bridge is higher than 
the level at Basile Low Light when flooding is about to take 
place. However, we will see that the AS curve does not seem 
right on the time scale; it appears to be displaced by a few 
hours on the left, a fact which I attribute to the lag and the 
distorted response of the gauge located at Québec Bridge. 

Slacks occur when the current curve u intersects the 
zero abscissa; these points have been marked in Fig. 10. The 
friction terms u|u|/C2D vanish then and the surface gradient 
AS/Ax should balance the acceleration term (1/g)Au/At. By 
inspecting the diagram we notice that Au/At is approximately the 
same for two consecutive slacks while the corresponding AS is 
quite irregular, especially for the slack water which precedes 
Ehne=tlood: 

At maximum current, either at flood or ebb, Au/At=0 or 
is very small; there should be an approximate balance between 
the surface gradient AS/Ax and the friction u|u|/C2D. In Fig. 
10 we notice that at maximum flow at ebb, AS has pretty regular 
values while at flood it is virtually impossible “to sobtain 
consistent values of AS. 

Finally when there is no surface gradient (AS/Ax=0), 
the acceleration (1/g)Au/At should balance the friction term 


uju|/C2D. At flood, AS=0 coincides with Au/At<0 while the 


friction term iS positive; therefore there is not even agreement 
in sign. Naturally Au/At varies very rapidly near maximum flow 
at flood but still the general lack of balance between the 
various terms of the equation of motion suggests to me that one 
Cf tne two gauges was’ not working properly. AS=0 should fall 
after the maximum flow at flood and not before as the record 
seems to indicate. 

Now we turn our attention to the set of observations 
collected by G.C. Dohler and his assistants contained in the 
publication "Current Survey St. Lawrence River 1960". The 
currents were measured manually with Ott and Neyrpic type of 
instruments at various depths and locations; the duration of the 
observations seldom exceeded 48 hours and the observations 
showed marked fluctuations. Many of these observations are not 
contained in Mr. Dohler's publication and they have been kindly 
communicated to me. 

In order to test the equations of motion with such 
observations I used the hourly values of the water levels at the 
Stations for which tides gauges are operated. These gauges 
sometimes are more than 50 km apart and the approximation to 
(19) by finite differences cannot be too good. The current 
observations show so many irregularities that it is usually 
impossible to obtain even a fair estimate of ut and at times 
even of u when uz=0. Still I found that the observations were 
of some use at the points ut=0; I have plotted u and AS on a 
time scale and these are shown in Fig. 11 to 15. AS is deduced 


from the records of hourly heights kept in the records of the 
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Tides and Water Levels section:for the following stations: 
Trois Riviéres 
Batiscan 
Cap a la Roche 
Grondines 
Portneut 
Neuville 
Québec (Lauzon) 

The current plotted is the current measured by Dohler 
and his group at a point intermediate between the two stations. 
For instance in Fig. 1l, we show the currents measured at 
Neuville on October 17 and 18, 1960 and we plot them along with 
the difference in level observed between Portneuf and Québec. 
Only at Neuville are the currents observations smooth enough to 
allow us to make some deductions from the case AS=0. Table 3 
lists the values of the Chézy coefficient we could deduce from 
the observations of Dohler. 

The values of the Chézy coefficient which we deduce are 
rather consistent; the only exception is Grondines. Near 
Grondines, the river bed experiences a marked bend and 
So0strict:on ond there is a,radical. modification of. the tidal 
regime in this area. Therefore, the high values of friction 


deduced for this area might be true. 


we opectral Analysis 
An analysis reveals the amplitude (and in tidal 
analysis, the phase as well) of all the oscillations contained 


in a sequence of observations over the range of frequencies 


Table 3 


Values of the Chézy Coefficient Deduced for the Section of the 
River Between Trois Riviéres and Québec. 


Stations Cumrentwat AX Critical Casoa Cus 
Point L L 
km m’*/sec m’/sec 
Portneuf-Québec Neuville 62 1, =0 56 62 
AS=0 60 62 
Grondines- 
Neuville Portneuf 49 up=0 62 56 
Cap a la Roche- 
Portneuf Grondines 35 u,-=0 52 en 
Batiscan- 
Grondines Cap a la Roche 24 uz=0 63 
Trois-Rivieres- 
Cap a la Roche Batiscan 54 uz=0 58 
Average C is 58 m%/sec. 
mean 


investigated. If the oscillations have approximately the same 
amplitude for any frequency, we are in presence of white noise 
which is of little interest to us. Whenever the tide is present 
bie, LecoOrd, Some Oscillations Of Given frequencies’ Will 
dominate the spectrum, these frequencies lying in the semi- 
diurnal and diurnal bands. Along the river, the phase of such 
oscillations will Vary etodtally. 

mie, Jow frequency band Ot* current” and water Yevel 
observations is filled mainly with noise; it contains the slow 
fluctuations of the steady current or the weekly and semimonthly 
variations of the mean level. In this band the resolution 
between the various oscillations becomes increasingly difficult. 
I personally do not subject this part of the spectrum to a 
harmonic analysis. I prefer to have a visual inspection of the 
low pass first; a power spectrum afterwards will indicate which 
frequencies dominate in this part of the spectrum. 

In the semidiurnal and diurnal bands of the spectrum 
the tidal constituents dominate. The main tidal constituent is 
M> which has a period of half a lunar day; the next constituent 
in importance is S2 which has a period of half a solar day. 

Then come N2, Kj and Oj. N2 is linked to the variation of the 
moon's distance from the earth which goes through a complete 
eyele each month. Kyi and 0] are diurnal and they are relatively 
small in the St. Lawrence system. 

The five constituents mentioned make up the bulk of 
the tide. They are of astronomical origin but they are felt in 


the St. Lawrence system through the cooscillation of the gulf 


and the river with the tide present in the Atlantic ocean which 
imparts some of its energy through Cabot Strait and Belle Isle 
Straits.9 These. constituents, are. modified by they friction, and 
they interact. amongst each other. . The interference» of M2 with 
S2 will create a new shallow water constituent, MSf, which has 
a period of two weeks, while M2 and N2 will interact to give Mm 
which has a period of one month. The interference of K] and Ol 
creates Mf which also has a period of two weeks. Many more 
constituents are created by the interaction of M2, S2, N2, Kl 
and, O1..such as. M4, 4MS7,.54,, etc..,. but in.a,river the slow 
constituentssMSf, Mm andjMrehave.a particulary importance 4s ine, 
are not as rapidly damped as the constituents with higher 


frequencies. 


3.1 The data available for analysis in the St. Lawrence River 

Observations on water levels in the St. Lawrence River 
have been carried out since the days of Bell Dawson in 1895. 
They are usually abstracted every hour as such a time step is 
appropriate to tidal analysis and they have been accumulated in 
numerous records. Since 1961L these records have been put on 
punched cards, microfilms and magnetic tape at the Tide and 
Water Levels section. As such they constitute a wealth of most 
precious information for the study of the mean level, the tide 
and its propagation, wind and storm surges, etc. 

Current observations have been much more sporadic since 
these are so difficult to carry out. The observations of Dohler 
in 1960 although very useful in the study of the dynamics GE the 


river are too short to be subjected to a meaningful analwemes 


on 
on 


On the other hand the material accumulated by the Ship Channel 
Section in 1968 at Québec Bridge and Isle aux Couldres is 
extensive enough to yield to an analysis, and we give the 
results of our calculations in one of the paragraphs which 
follow. Dr. W.D. Forrester has made current measurements 
between Pointe au Pére on the south shore and Pointe 4 Michel on 
the north shore in 1965 and the results of his work are contained 
in the publication "Currents and Geostrophic Currents in the 

St. Lawrence Estuary” BIO 67-5 1969. Cdr. W.I. Farquharson has 
Carried out similar current observations in the vicinity of 
Pointe des Monts in 1963 (St. Lawrence Estuary Surveys. BIO 


66-6). 


3.2 Water levels 
For some stations in the St. Lawrence we have 

observations on water levels which stretch almost continuously 
Over many years. We may use such long series of observations to 
follow the slow variations in the mean level and to separate 
very sharply most of the tidal constituents. We consider first 
the low frequency spectrum of the following stations: 

Pointe au Pére 

Riviére du Loup or Tadoussac 

Québec 

Trois Riviéres 

Cap 4 la Roche or Batiscan 

Frontenac 
These stations are located at strategic points along the river 


where the tidal regime is modified from an oceanic type to 4 
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shallow water type to eventually become a straight river flow. 
Figures 16 (a), (<b) and. (é). show the low pass of Che miouriy 
values of the water level at the stations mentioned for the 
years 1967-68-69. For every year we have put the stations in 
their proper sequence on the same time scale so that the common 
oscillations Can, be picked up a. si direc. 

Out GE the, inwvtial Confusion, for anstance ae Pore 
au Pére, there are little but random oscillations, we may notice 
that during the calm summer months, semimonthly oscillations due 
mainly to MSf, start standing out sharply at Québec and reach 
their maximum amplitude in the vicinity of Cap a la Roche and 
Batiscan. A little bit of attention shows that these slow tidal 
oscillations appear even in Montréal during the summer months 
but greatly attenuated. 

This qualitative assessment of the situation may be 
put on a more quantitative basis by computing the power spectrum 
of the oscillations of the low pass. Mr." K.B. Yuen Of our 
Organization, has kindly performed this calculation and his 
results are shown in Fig. 1/ £6r Pointe jan Pere, Ouepec, 

Trois Riviéres and Frontenac. The peaks indicate the 

predominant oscillations and they are labelled by the proper 
constituent when we happen to know it. We note an oscillation 

of 1 cycle/9.6 days, which is caused by the interference of §5 
with N2 which we could call SN and an oscillation of 1 cycle/week 
which may be due to a further interference of the slow 
constituents MSf or Mf with themselves. This would explain as 


well the extra peak at 1 cycle/4.8 days which would depend on SN. 
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Fig. l6(a) LowsPass Bilter ,of Hourly Heights, 1967. 
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Fig. 16(b) Low Pass Filter of Hourly Heights, 1968. 
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Fig. 16(c) Low Pass Filter of Hourly Heights, 1969. 
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Ou€bec, Trois Riviéres, and Frontenac. 
Band. 


Pte au Pere 


- Quebec 


Js 
~\.“ * Trois Rivieres 


\ Frontenac 


Power Spectra of the Water Levels at Pointe au Pére, 


Low Frequency 
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These oscillations, although of theoretical interest, 
are quite small compared to the diurnal and semidiurnal tidal 
oscillations and compared even to the random low frequency 
oscillations. 

The bulk of the variations in the water levels is due 
to the semidiurnal and diurnal tides and Table 4 lists the 
amplitude in meters and phase in degrees of M2, S2, N2, Kl, Ol, 
MS£, Mm and Mf for the stations along the river for which one 
year of observations is available. 

In Figs. 18(a) to 18(h) we show the same constituents 
plotted on a distance scale along the river: we give the 
amplitude and the phase change. Over the points of phase change, 
we enter the actual Greenwich phase lag of the constituent at 
the rgiven locality. Only for Mm’ and Mi is it impossible’ to) give 
any value for the phase change as there is much scatter in the 
Observations. We notice that the amplitude of the constituents 
increases upstream to a maximum and then decreases rapidly. The 
decrease takes place past Québec for the semidiurnal and diurnal 
constituents and past Cap a la Roche for the slow constituents. 
3.3 The analysis of the current observations at 

Québec Bridge and Isle aux Couldres 

We have described in a previous publication our method 
for analyzing current observations (Godin: The Analysis of 
Current Observations, International Hydrographic Review, Vol. 44, 
Noe 1), 149-164, 1967). It consists first invemoething 
observations if they have been taken at intervals smaller than 


one hour and then of low passing them to have a look at the 


Table 4 


STATION 

Ste. Anne Des Monts 
Raie Comean 
Pointe-au-Pére 
Tadoussac 

Riviére Qu Loup 


Bits Jean Ort. ol: 


Portneuf 
Grondines 

Cao 2 la Roche 
Sitiscan 

Chan plain 
Trois Rivieres 
Louiseville 
Sorel 

Lanoraie 
LavaLtrie 
Jercheros 
Varennes 
Longue Pointe 
frontenac Street 


King ‘dward ier 


Tidal Constituents of the Water Levels at Various 
Stations Along the St. Lawrence River Deduced from a One 
Year Analysis 
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Amplitude and Phase Lag Along the St. Lawrence 


18 


PEGs 


afueyy aseud 


Sw 009 005 00P 00€ 002 
C8ZL BBA 6 GE 
Rone Fd 
9'0ze es 
oJOI ee 
9°82 ih 
TT iat «aks 
3002 oe 
BS lhe 
: a el 
ry Gyn 8°89 
ae \\ 
ZO: gee 8 v8! | “Ss 
: 796 
: 1191 
007 . 
s 


8 LY 


L807 


05 


001 


(Sualaw) apniijdwy 


051 


002 


Sse (GoBq1 Sax 
008" es. ONS 004 00€ 002 001 
a 9 bl ee teeta seers oO ee 
BONO GGE a 
Cee Hilt e. 
00 6 O80. by/2 ch 
OR TF 
‘eee apmujdwiy 5 
= ee B EDC aay mh © aol 
ae ol0Z bas 
100 ast 


eeoece 00 
gg] 22 
p= 
= 
078 = 
001 = 
= 
051 
00° 


68 


sw} 009 
818 6 ep 


abueyy aseud 


000 


CN 


(9) 8T 


00€ 


001 


0 


00 


Se 
a 


cO 
™ 
cS 
(=) 


= 
pat 


002 


(Siajaw) apnijdwy 


69 


abuey) aseud 


sw 009 


oll 


oJ 02 


005 


00% 


Ty 


(PD) 8T 


00€ 


"Tg 


002 


O01 


0 


00 


Oe 


(sia1aw) apniijdwiy 


70 


SW 009 


000 


00l 0 


9008 0CCOCHHHHHHHHHHHHEOE 00 


(sialaw) apnujdwy 


vk 


04] 


57.0 


apes 


20 


abueyy aseud 


e) (e) @) (@) 
= SS (=) =: (=e) 
ide) Lo =a (GP: om} ™S 
in eh aera Sho aco - a 
M™N 
3 (op) 
Qe 
ae co 
e CO 
Se co 
oO- foe, 
e 
eS N ee 
a oa ~ Pte a 
(aie, Le 
™~ fe, 
®e 
e 
CO 


06.1 


Loo cs 


—_— a 


(siajaw) apniijdwy 


2713.9 


05 


10° 


102.6 


310.0 


194.8 


200 300 400 000 600 kms 


100 


71 


Lo (i). EMsSt 


Fig. 


72, 


jw (6)8t °5Ta 


SW 009 005 00b O0€ 002 
0 LLL 
pier apnijduiy 0 60¢ 
o-9) [8S 7-N¢ NB a S612 
90S 
at LLY O2E 


SO 


(sialaw) apnujdwy 


oz’ 


73 


sw 009 


005 


001 


O0€ 


001 


(sialaw) apniyjdwy 


74 


fluctuations of the residual current, a part of the speccrum 
which is not worth subjecting to a harmonic analysis. Next the 
east and north components of the semidiurnal and diurnal bands 
are analyzed harmonically. This method takes in any amount of 
data and can handle as well discontinuous records which are more 
the rule than the exception. All the steps of the analysis are 
plotted in order: to afford a vistiad interpretation @f themsucce = 
or failure of the analysis; a side profit is the quick discovery 
of the errors in the original data which could easily have 
escaped a thorough inspection of the numerical records and which 
can then be corrected. 

Table 5 lists the labels of the stations occupied by 
the Ship Channel Division at Québec Bridge and Isle aux Couldres 
during their survey of 1968. The table gives the code name of 
the station, the time interval at which the data were abstracted 
and the useful portion of the record which can be subjected to 
an analysis. Fig. 19 and 20 show the geographical location of ' 
the stations listed in Table 5. Stations B=-29 and B=32 are 
located at nearly the same point of the river and their combined 
records may be analyzed as a single discontinuous record. The 
same thing holds for stations B-30 and B-3l. The pair B-29 and 
B-32 is located exactly in the middle of the river while B-30 and 
B=31 are closer to,the south shore- 

For the Isle aux Couldres, station B-25 is located in 
the north arm of the river half way between St. Joseph de la 
Rive and Isle aux Couldres. The other stations are strung at 
approximately equal distances apart from the Isle aux Couldres 


to the south shore. 
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Fig. 20 Location of Current Meters at Isle aux Coudres 


78 


Figs. 21 and 22 show graphically the results for the 
analysis at Québec Bridge. X and Y represent respectively .ic 
east and north component of the current u in the raw. LP is the 
low pass and gives the residual current which here coincides with 
the steady current created by the piver ‘discharge. 94m tie case 
under consideration the flow is remarkably constant. X-PR and 
Y-PR are the values of X and Y reconstituted from the analysis 
which is made up wholly of tidal harmonics. X-ER and Y-ER are 
the discrepancies between the observed current components and 
reconstituted components. The "error" graph shows more than 
random fluctuations: there are systematic high frequency 
oscillations which the harmonic analysis could not pin down. 
These are responsible for the failure of the reconstituted curve 
to reproduce the sharpness of the observed curve especially at 
neaps. 

Fig. 23 shows the results for stations B-25, N-20, 
N=-19, B=-26 and N-18. The plots i1ndicare Ehav the analyse 
succeeds very poorly in reproducing the tide on account of the 
fact that the constituents Nz and S32 could not be separated from 
M2 at most stations because of the short interval of observation. 
The only recourse left is to correct the analyzed values for 
these unknown constituents with the technique of inference, an 
unpleasant chore the results of which I have little faith in. 
For this purpose I have used the results of the analysie. ac ine 
coastal station of St. Jean Port Joli which gives the following 


empirical relations within the subgroups of constituents; 
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Pig. 22 Analysis of Stations B-30, B-31 at Québec Bridge 


80 


Rts ee ee 


’ NAAANAAAAAAAAAAANAAAAAARAAAAANA 
VV VV 


FIG. 23(a)#1. TIDAL STREAMS ANALYSIS DT=30 MIN 
NO SMOOTHING RC=.9 RECORD B-25 21HRS JUNE 10/68 
TO-4HRS. JUNE 27758 « 
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FIG. 23(a)#4. TIDAL STREAMS ANALYSIS DT=30 MIN 
NO SMOOTHING RC=.9 RECORD B-26 OHRS JUNE 21/68 TO 
OHRS JULY 4/6 
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FIG. 23(a)#5. TIDAL STREAMS ANALYSIS DT=10 MIN 
SMOOTHING DT (ANAL)=30 MIN RC=0.9 RECORD N-18 
17). 4023UNE 17768 TO 12550) JUNE, 29/7638. 


Subgroup: Constituents 
M2 Name Ratio Phase Difference 
M2 1.00 00 
S2 ser +40° 
N2 oS eo 
Kj Ky peek O. 00 
Oj oS 10 
Py 2 00 


In only one instance, station N-20, was it possible to lower the 
Rayleigh’ criterion to .8 in.order to separate directly the 
important constituents. Fig. 23(b) shows the result of the 
inference of the constituents for the observations at Isle aux 
Couldres and the reduction of the Rayleigh criterion at N-20. 
Table 6 lists the results of the analysis for the major 
constituents. From the table, we see that the tidal streams 
reach their maximum intensity first on the shallow portions of 
the river and then in the channel; the tide is at its latest in 
the north arm of the channel, lagging by nearly two hours. The 
results on the steady current in the main channel seem absurd at 
first sight: at N-20 and N-19 the current flows almost at a 
right angle to the channel. A little bit of reflexion however, 
indicates that there may be an eddy motion set up by the tide 
and the steady currents reflect this general situation. More 
prolonged observations might give entirely different steady 
currents on account of the stronger averaging, while 
photogrammetry would indicate the instantaneous eddies set up 


during a tidal cycle. 
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FIG. 23(b)#1. TIDAL STREAMS ANALYSIS DT=30 MIN 
RECORD B-25 21HRS JUNE 10/68 TO 4HRS JUNE 27/68. 
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The minor component of the tidal stream ellipse is 
very small; an indication that the tidal streams are very nearly 
rectilinear everywhere. 

3.4 Comparison of the values of the tidal streams observed with 
those predicted by W.D. Forrester using the Equation of 
Continuity 

wW.D. ‘Forrester (BYE. ©69-2Mand Bal., 67-5) has weed sthe 


equation of continuity 


Qx=-BDt (6) 


in order to estimate the tidal streams in the St. Lawrence River 
from the observations derived from the tide gauges strung along 
the river, with the assumption that the tidal oscillation 
vanished around Lake St. Peter. 


For a given harmonic, (6) becomes 


where o is the frequency of the harmonic. In finite difference 
form (21) becomes 

AO @2 23 

Leo =-10BD C22) 


If the river is divided into a succession of channels of length 
Axs, width By, j labelling each channel, (22) becomes for a 


given channel: 


93 
Q5+1-Q5j=-10B; j Bxa=— tons D5 (23) 


A; being the horizontal area of the jth channel. (23) along 


with the boundary condition: 
Q5=0 (24) 


allows the value of the flow Qj at section j to be evaluated 


for the vertical displacements upstream: 


dl 
Ovt1=-10  f AxDk (25) 
k= 


For a harmonic constituent with amplitude |Dx|=d, and phase lag 


Cry We olegiiay Ce WI teen “as 


WI. 


tee eT) 
Qj+1=0424 Axdre k"2 (26) 
k 


II 
O 


from which the magnitude and phase of the flow Q at the entrance 
of the j+lth channel may be computed. We refer to the 
publication "Tidal Transports and Streams in the St. Lawrence 
River and Estuary" B.I. 69-2 by Dr. Forrester for specific 
values of Q and u for the various tidal constituents along the. 
river. 

In Table 7 we entered the value observed at Pointe des 


Monts by Farquharson (BIO 66-6), at Pointe au Pére by Forrester 
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(BIO 67-5), Isle aux Couldres and Québec Bridge by the Ship 
Channel Division (1969) and we compare them with the values 
deduced by Forrester using (26) which are based directly on the 
equation of continuity. 

The values predicted agree to within 10 percent of the 
value observed; it must also be realized that the "observed" 
values are uncertain by this amount as well on account of the 
relatively short duration of the observations and the highly 
variable character of the currents. 

This brings to the fore the question of the wisdom of 
taking current observations in a river, an undertaking which 
costs hundreds of thousands of dollars, when quite adequate 
values of the mean flow may be deduced from the tide gauge 
network lithe: lattertis dense enough.» The fine! ’structure of’, 
the current flow across a given vertical section cannot be 
predicted in this way. To find out about it, one needs to set 
up a network of current meters at various depths and locations 
across the river during one or two tidal cycles at neap and 
spring tide. The fine structure is of no use in a one 
dimensional study of the river and has to be integrated away in 
the first place. It can only be required on rare occasions to 


solve specialized problems of hydrodynamics or of hydraulics. 


4. A mathematical model of the St. Lawrence River 

If the equations (6) and (7) hold everywhere in the 
St. Lawrence there is good reason to believe that their 
integration over the whole river bed using the actual widths B 


and depths D would yield all the possible modes of motion. 
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There is much wishful thinking in this statement since (6) and 
(7) are only approximations to the more exact Equations of 
Motion and there is no a priori reason why the river should 
"feel" a width B and a depth D obtained by schematizing its 
channel into parallepipeds of rectangular cross section. There 
is also the added complication that the discharge is not wholly 
present at the head in Montréal but that it is gradually but 
irregularly augmented all along by the contribituon of the 
tributaries like the Richelieu, the St. Maurice, the Saguenay 
and the Manicouagan. There is the problem of the advection of 
salt water into the fresh water régime which forces a vertical 
distribution in the densities and the velocities, with which (6) 
and (7) cannot cope. Finally, as the river widens there are 
definite gradients in the elevations and currents across the 
width of the channel. 

Still it is obvious that we do not want to face all 
the complications in a first approach study and that it is 
desirable to integrate (6) and (7) over a rectangular 
schematization of the channel, neglecting the gradual changes 
in the discharge. The results of such calculations should give 
us an overall view of the first order type of motion occurring. 
Comparison with observations will show that such calculations 
model adequately the main features of the tidal motion upstream 
and its interference with the discharge. 

Also, we will then be ina position to obtain definite 
information on the influence of some of the basic parameters of 


the river on the propagation of the tide upstream. We will be 


DG 


able to investigate the effect of an increase of the discharge 
On the tide moving upstream and to investigate the effect of 
closing the river at various crucial points like at Montréal, 
Seecne mouLn of Lake St. Peter or at the constriction of the 
Site of Québec Bridge. The conclusions which we will reach 
cannot be essentially modified by the increased complications 
in the river flow, which we have mentioned at the beginning of 


this paragraph. 


4.1 The schematization 

The bed of the river has been subdivided into 53 
subchannels each of which is schematized as a channel of 
mectangular jsectkion OL width B and depth D. The width B is the 
average width of the section while D is the overall average of 
the depth over the section. The criterion for initiating or 
terminating a subchannel is the occurrence of a geographical 
eccvacnt, wan island, a COonstriction Or widening or a change of 
depth. Working in this way from King Edward Pier in Montréal to 
Pointe des Monts, we ended up with 53 eeetions eas various lengths 
each of these sections being relatively homogeneous in depth and 
width, as shown in Figs. 24 and 25. 

There exists no single map showing the whole of the 
river bed between Montréal and Pointe des Monts; it is therefore 
not practical to attempt to show our subdivisions. However, 
Table 8 lists, besides the section number, the name of the 
coastal stations which are located within a section; this may 


give to the reader an idea of the location of the subdivision. 
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Fig. 25 Depth D of the Schematized St. Lawrence River 
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Table 8 


Schematization of the St. Lawrence River 


Section Horizontal Area Volume Width Mean Depth Accumulated 
x106 meter2 x10 meter3 B D distance 
meters meters 


x 
x103 meters 


QSaL Pointe des Monts 883 220558 41520 249.5 PMP? 
Petite Matane 
ge Matane WONG 7) 237424 51788 22023 A2 
3} Baie Comeau 1141 PASSA TEAL 53740 ODES 2 OSias 
3-4 Manicouagan 859 169882 48054 JUST 7f SF) Bae 
4-5 Mont-Joli 914 195475 45166 AAAS te) 101.4 
50 Pointe au Pére 896 175774 49314 LOG ere, LOG 
6-7 Rimouski 9917 146326 46024 146.8 4a 3 
13 Bic 558 76508 eels Peal SG) foe 2 IND Ese ab 
8-9 600 86751 40693 144.7 L268 
ake Escoumain 289 49563 24272 dB NS) 184.7 
EO =e Trois-Pistoles 308 47041 290159 52-8 LOSS 
else 282 30358 23023 107 2:6 ZO 
ILA} Tadoussac en 8828.0 21305 Sis PALS) 2 
13-14 82.6 Zoi) 15615 B2re2, PAP Mees 
Aes Cacouna 148 A OST TUS7.8 eyes 3) 22802 
PO = 6 Riviére du Loup 413 13424 20030 B26 248.8 
ILO ky 310 14872 16455 48.0 267.6 
sea alts} Pointe au Pic 349 2375 17160 2)5)5,2) 288.0 
ago St. Joseph de la Rive 543 8969.8 16628 GS 3207.6 
O20) St. Jean Port Joli 474 4470.3 21438 9.4 342.7 
PHOS Montmagny 
Isle aux Couldres 337 2612.4 17633 Hots) Sholay) 
21=22 154 1002.4 14565 65 372.4 
22=23 St. Frangois 10 Ihily/ 872.10 9601 ea 384.6 
23-24 St. Laurent I0 74.6 829.82 3641 TIE sat 405.1 
PIN PDS: Lauzon alsiigis) 24159 2390 Ir ess 410.9 
25-26 Wolfe Cove 9.29 iy heye, 7! 1445 IlS5 8) AL TS: 
2E> 27} Pont de Québec Heat Lage ol 1194 Orr 423.8 
PRS WSs5 Itsy al 1879 WLP? a32nk 
PAS PAS) Neuville SHON th 280.93 2456 9S 444.4 
PRES SO) BZD 254.62 2741 Wat 456.3 
SO Sel 2300 168.77 2509 Dwe 465.5 
SUS Portneuf 5.41 59.016 1492 TORS 468.2 
32=38 Deschambault 8.98 82.147 803 ea 480.4 
33-34  Grondines 5.84 33.551 £555 G7 484.1 
34-35 13.7 64.069 2217 47 490.3 
35-36 Cap a la Roche 2516 thoes) Syl 2336 4.8 S0u.3 
Si 5)7/ Batiscan 147 Ge Ane 1841 6.5 509.2 
SIRE Champlain 2306 Worey. axe) 2439 See 518.9 
38539 Trois-Riviéres Aig J 13156 1943 6.5 529.3 
39-40" port St. Francois 25.1 205.45 1591 8-2 545.1 
40-41 lLouiseville 188 541.10 6794 2.9 S28 
41-42 Pe 71.639 1304 Bao 581.7 
42-43 Sorel IZ, al 104.33 1429 7.4 591.6 
43-44 Lanoraie 14.6 123.94 1320 825 602.6 
44-45 10% 52.539 2078 52 607.5 
45-46 Lavaltrie 
Contrecoeur PME 92.242 2852 4.3 Givscul 
46-47 verchéres 30.0 7S.0e 2047 5.8 629.7 
47-48 Répentigny 6.16 35) iran 1932 S57] 632.9 
48-49 Varennes 11.6 BEI a6 2093 4.8 638.5 
49-50 pointe aux Trembles 6.35 24.850 NIST 3.9 642.1 
50-5 Longue Pointe NS a TOM Gaul TOO a7) 649.0 
I) 72 Laurver Ve Thal 54.947 1579 6.0 654.7 
52-53. King Edward Pier B03 18.797 1015 6.2 657.7 


TOL 


Tabbe SVivses* the various, sections* along with® their 
relevant” parameters Such as the horizontal area, the volume, the 
average width, the average depth and the accumulated length of 
the schematized sections. 

4.2 The rewriting of the Equations of Hydrodynamics into 
systems of finite differences 


The equations (6) and (7) 


Qx+Bht= 0 


-hx-Q|Q|/C2B2D3 = Q¢/gBD + 2Q0x/gB2D2 


have to be rewritten as 


ht=-Qx/B (27) 


Qt=-gBD (hy + Q/Q|/c2B2D3) + 20Q0,/gB2D2 (28) 


in order to be able to go.from past to future values of the 


variables h and Q. 


The river may be cut up into subsections which we label 


as 


At one point we compute h and the next one we compute Ox - (Ataan 
Mmrerior point (27) and (28) ‘can be written out in terms of 


finite differences as 
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h(n,t+2At) = h(n,t)-(2At/Bn) (Q(n+1,t)-Q(n-1,t))/(Ax,-]t+A¥pn) = (29) 


O(nth, ttZAc) =O ML). = 


2gAtBn+1Dn+1[(h(nt2,t)-h(n,t)) / (Axn+1+Axn+2) ) 


+Q(nt+1,t) |Q(n+1,t) | /C2B¢Z4 1D347)) 


SION Gey thy ew (On+3,¢)-O-(nth, 6) ) 7 tes 42 FAs (30) 


These relations hold for an inner point. The values of B and D 
are averages of the values they have in the two sections 
delimited by the three points. 
At the mouth we impose an h boundary condition so that 
h(1,t) is specified at all times. At the head we impose a 
condition on Q. The differential for Qy in the convective term 
1s computed in a biased fashion but the term is quite small 
anyway. The boundary condition on h at the mouth is 
h¢tlstya=)203cos (28 98° t+39F) 4. 3300s (30. 007b12 72> 14.2 3cos eae 
+107 4: 22c0s (15-504° £436 “i+. 20c0s (13594204 79° ) ameter 
The Q boundary condition at the head is 
O54 )=05 8.5, 1h 374 oxen 3/ sec 
The h boundary condition embodies the approximately observed 
values of M2, S2, N2, Kl and O] at section 1 and the phase has 
been chosen to correspond to the instant 00 hours, September 1, 
1964. t is measured in hours. At Montréal the discharge is 


taken to be a constant at all times. Q=8.5x103/sec corresponds 
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£0 a g@atrtice batimorewthan? the-average (discharge. in.Montréal. 
Piewiioner Values May prevail during the spring run off. .O=0 


corresponds to a closure of the river. 


4.3 The results of the calculations 

PIOUS 326 (ay Lo 30 "show -the,computed amplitudes and 
phase changes of some constituents compared to their observed 
values derived from the analysis of observations in the St. 
Lawrence River. Most of the calculations have been performed 
for C=58 m/sec since our previous investigations in par. 2.6 
indicated that such a value of the friction may hold in the 
lower St. Lawrence. 

M2 being the most important constituent, we shall look 
Bitte et oe wer idcb ta) Like all “eheswoehersiswhich follow, shows 
aS continuous curves the results of the calculations uSing our 
schematized model of the river. One curve shows the variation 
of the amplitude up the river while the other shows the phase 
change upstream of the particular constituent. The analyzed 
values based on observations are shown by dots; those which are 
Squared were derived from stations located on the north shore. 
The Greenwich phase lag of the constituents is written 
explicitely over the point and allows the location of the 
observed phase lag points over the phase curve. For M2, all 
the stations observed have been entered even if the observations 
covered less than one year. For the other constituents we have 
entered only those based on a one year analysis since the 
shorter observations bring in much scatter. Fig. 26(a) shows 


the calculated amplitude and phase change of M2 for C=58 m%/sec 
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Fig. 26 Amplitude and Phase Change for Two Values of the 
Chézy Coefficients 
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Fig. 28 The Slow Shallow Water Constituents MSf for Three 


Values of the Discharge and Two Values of the 
Chézy Coefficient 
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at. a head discharge of 8.5102 m3/sec; it underlines the 
fundamental weaknesses of our model which we have discussed in 
the introductory paragraph. We had to leave ou of cur 
schematization the Saguenay River whose mouth stretches over 
sections 11 to 13 and we schematized the double channel around 
by the Ile d'Orléans by a single channel which stretches between 
sections Zier ARO 2S « 

At Saguenay, some of the tidal energy is diverted into 
the fiord and we notice that upstream of Saguenay our calculated 
phases of M2 fall consistently below those observed. Similarly 
our analyzed amplitude does not model the observed amplitude 
adequately over sections 21 to 24. Still the overall agreement 
between the values derived from our model and those observed is 
adequate and suffices for a study of the fundamental parameters 
which influence the propagation of the tide upstream. 

It is obvious that we get better agreement for 
C=58m%/sec with the observed amplitudes, while the difference in 
phase between, C=52 and C=58m%/sec is slight.) The vatue of 
C=58m2/sec corresponds to the value of C we deduced from the 
observations of the Ship Channel Division. 

The subsequent plots of S2, N2;,"Ki and 0] show as wel 
the overall adequacy of our model for describing the general 


features of the tidal motion upstream. 


4.3.1 The shallow water constituents 
One of the attractive features of our model is that 
it creates as well, shallow water constituents through the 


non-linear ~raiceron term Q|Q|/c2B2p3. Out of the interaction 
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of M2, S2, N2, Kj and Oj we should get new constituents such as 
M4, MS4, S4, 2MS6, M8, MSf, SN, Mm and Mf amongst others. Our 
model does yield some values for these quantities which may be 
compared with- observations. In. Figs. 27 and 28 we show plots of 
M45 and-MSf.y The. three! curves.an the.diagram for M4 show. the 
calculated M4, for various values of the discharge; Ma increases 
first for larger values of the discharge up to Québec, then the 
wrelation| as' reversed... On the way to Montréal. it falls off 
Sharply as our rudimentary al gebraical calculations had 
indicated. Our calculated Mg is significantly smaller than the 
observed values; there 1s a discrepancy of up to 12 cm in the 
Isle d'Orléans. MSf has been calculated for three values of the 
discharge and two of friction, which we know are possible in the 
river. For Q=8.5x103m3/sec which corresponds to the mean 
discharge, our calculated MSf falls quite short of the observed 
values; increaSing the discharge does enhance MSf very 
appreciably though. A further indication that MSf is fundamen- 
tally dependent on themvalueiot sthesdtschargesreuthat fom 0=0; 
MSf£ ois “veryrslight*throughout. »The calculated values for the 
other shallow constituents, fast and slow, are similar to those 
we have shown for M4 and MSf. 

We conclude that our model provides a qualitative 
agreement with the observed values of the shallow water 
constituents but certainly not a quantitative agreement. It is 
my personal feeling that such a quantitative agreement would be 
very difficult to obtain even with a very sophisticated model as 
these constituents are created through a very subtle and 


sensitive interaction of the fundamental parameters of the river. 
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4 «3\.2) “The sin€élvienceof «the discharge on: -the»propagation 
of the tide 


An inspection of Figs. 27,7 28 and °z9 Shews the 
influence of the discharge on the propagation of the Tide 
upstream. In Fig. 29 we see that the fundamental constituent 
M2 decreases in amplitude and is slowed down in its progress 
upstream for increasing values of the discharge. The effect of 
the change in discharge is not felt tii1il “beyond the constrict io 
of Québec City. The modification in amplitude amounts to at 
most 10 to 20 percent of the tidal amplitude; the time of arrival 
of the M2 tide however may be retarded by up to two or three 
hours. The shallow water constituents created by the interaction 
of the tide with the discharge and bottom friction are signif- 
icantly increased in the downstream portion of the river for 
increased values of the discharge but they become more rapidly 
extinguished upstream of Québec City, basically because the 


Original tidal constituents are themselves more rapidly damped. 


4.373 The infinuencerofiquddratic Mir tection 

Figs. 26(a) and 28 show the effect ‘of the quadratic 
friction. In Fig. 26(a) we notice that for lesser values of the 
friction, the tide is damped less rapidly and it suffers less 
phase retardation, a fact which we could demonstrate algebraically 
in par. 2.2 in the case of linearized friction. Now we see that 
this holds as well in the case of quadratic friction: 

The effect of quadratic friction on the shallow water 
constituents is not that apparent; the use of linearized friction 
does not even give us a clue as to their existence. Fig. 28 


indicates that MSf is lessened for increased values of friction; 
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the same holds for the fast shallow water constituents such as 
M4 and MS4 although we have not shown this explicity in diagrams. 
The use of our intuition would lead us to believe that the 
stronger the friction the sharper the shallow water constituents. 
The facts show that this is not the case; an indication once 
again that non-linearities escape the grasp of the human mind. 

I believe that if in our case the non-linear friction were to be 
varied slowly from zero, the shallow water constituents would 
increase initially but beyond an optimum value they would start 
diminishing as the primary wave starts wasting itself into more 
complicated additional modes of motion. Most likely between the 
vWaines.,of.c=58.ms/sec and C=52 m%/sec, we must have passed 


beyond this optimum value of C. 


4.3.4 The effect of the closure of the river 

Our model allows us to investigate the effect of 
closing the river wherever we please; it seems interesting to 
see what would happen to the propagation of the tide if we 
closed the river at the constriction where the Québec Bridge has 
been laid, or at the mouth of Lake St. Peter or at Montréal 
itself. 

Even before attempting any calculations, a little bit 
of reasoning indicates that the tide originates from the Atlantic 
Ocean and that it becomes progressively wasted in the Saguenay 
River and up the St. Lawrence. The erection of any barrier 
would allow more tidal energy to stay downstream. Our 
calculations support this intuitive conclusion; they also 


delineate the portion of the river where the dyke would modify 
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appreciably the tidal régime. The results of such calculations 
are sown 2£Oreip an Pigs o0. 

Mia weabilecked the Tiver at Québec Bridge, the tide 
between Isle aux Couldres and Québec Bridge would be 
Siqnice cane ly] enhanced by. values" which would reach up’ to 50 
percents Ore ther precen® value, of M>-at the dyke site. At QOuGbec 
Bridge M2 would have an amplitude of 2.31 meters compared to its 
actual value= or th, 539 meters: 


PLockinge che, river at section Go (Trois*Riviéres) has 


the same effect. In terms of absolute magnitude, the enhancement 
Ore onestiadervas® not as dramatic. M2 would take an amplitude of 
“/7o meters. compareds tOlutsevalue of 038) meters. ~-Finally- setting 


up an opaque barrier at King Edward Pier would once again enhance 
Bie tidelw. Intstact, Montrealyas it* is* presents an effective wall 
against the tide but the discharge present in the river has a 
marked damping effect as we notice in Fig. 26. 

This -erangs Eoethesrore the-fact™ that’ we: cannot build 
Opaque barriers in a river where the mean discharge hovers around 
SPOxl0-Ume/sec® this iwater thas to be accommodated out. If it 
were at all possible in practice to let the water out at 
descending tide while impeding the flow of the tide upstream, 
the actual amplitude of the tide downstream of the dyke would be 
EPMoniticantlyvitess ehan the valves predicted by our model. “An 
added problem in the St. Lawrence is that water is not always in 
Mes liacuid form and. that@the outflow of ice would create major 
problems in the design of semi-opaque dykes. A natural solution 


momtc be to take advantage of the increasing effects of pollution. 


ray | 
| | : . | i 7 : _ ; 
a 
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It would perhaps be possible in the near future to raise : 
‘ | ! . 

temperature of the water to a point where it would never 


in winter. 
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CONCLUSIONS 


Steady state conditions prevail on the average between 
Meowwr cel and corel. Ihe parameters present -in the Equations of 
Hydrodynamics may be uniquely defined and derived in a physically 
Son lraCane lashvonm Pom. the hydrographic Charts, gauges and 
Stibewe Melon readings. Thergauge: readings on their own supply¢ 
when averaged, the mean inclination of the water surface. The 
mMear #bevels derived thom Gauge readings and hydrographic 
soundings supply data on the mean water depth at a station; this 
depth varies throughout the year but with lesser amplitude as 
one moves downstream. The motion everywhere in the river is 
subcritical and the tidal wave may move upstream at all times. 


The tide moving up the St. Lawrence reaches its 
maximum amplitude between Isle aux Couldres and Isle d'Orléans. 
Shallow water constituents become significant between Isle 
d'Orléans and Sorel. The tide behaves as a mixture of standing 
and travelling waves between the mouth at Pointe des Monts and 
Isle d'Orléans; from there on it has the character of a 
travelling wave. 


Use of the Equation of Hydrodynamics for time dependent 
motion in conjunction with current observation water level 
readings helps to delineate the mean value of the Chézy 
coefficient which holds in the area lying between Trois Riviéres 
and Québec Bridge. The analysis of water level observations 
gives the values of the major constituents which should be 
reproduced in a mathematical model of the river. An analysis of 
the current observations taken at Isle aux Couldres and Québec 
Bridge by the Ship Channel Division reveals that these quantities 
could have been deduced theoretically with adequate accuracy 
Peino Ene equation sort CONntInUlty as» suggested by W.D. Forrester. 


A one dimensional model of the river, neglecting the 
variation in discharge, the existence of the Saguenay River and 
the bifurcation of the channel at Isle d'Orléans reproduces 
adequately the major tidal constituents for a value of the Chézy 
constituent of C=58m%/sec which was deduced from the current 
ebservations Of the ‘Ship Channel Division and of GC.’ Dohler. 
The model also gives values for the shallow water constituents 
which are created along the river but these values cannot be 
considered as accurate. Increases in the discharge do not 
Significantly alter the tide between Pointe des Monts and Isle 
d'Orléans; beyond, the tidal amplitude is slightly reduced and 
tae progress of the tide is retarded by up to 3 hours. fhe 
closure of the river by opaque dykes at any point would always 
enhance the tide downstream; semi-opaque dykes would increase 
the tidal amplitude as well, but to a lesser degree. 
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ABSTRACT 


Following the wreck of the "Arrow" in Chedabucto Bay, 
Nova Scotia, more than 150 miles of shoreline were polluted with 
Bunker C oil and a beach restoration programme was established 
which involved 30 miles of coastline. The beaches of this region 
vary from low-energy marsh environments to complex shingle spit 
systems, as well as many areas of eroding rock and till deposits. 
Only a few miles of beach are made up of sand-size material. 


The contaminated sand beaches were cleaned relatively 
easily but although various manual and mechanical methods were 
implemented, no effective or efficient method of removing oil 
from shingle beaches was found. Oil on active shingle beaches 
was often buried up to a depth of 5 feet with clean and 
contaminated sediments having been thoroughly mixed by wave 
action. The amount of oil in these sediments was as low as 10 
ppm and restoration of this type of shore involved the removal 
of large volumes of beach material. Where oil remained as a 
surface layer on the beach, a front-end loader proved to be 
effective in removing the contaminated layer. 


In active beach environments normal wave processes 
will clean the beaches naturally unless there is so much oil or 
wave energy is so low, that the movement of sediments is 
prevented. On these paralysed beaches some attempt should be 
made to break up the surface so that wave action is able to 
rework and clean the beach sediments. 
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ee. ANTRODUCTION 


Following the wreck of the tanker "Arrow" on Cerberus 
Rock, February. 4, 1970,: the oil spill-of Bunker C affected more 
than 150 miles of shoreline in Chedaducto Bay, which has a coast 
of 380 miles from Point Michaud in the north-east to Cape Canso 
in the south-east (Figures 1 and 2). The Project Oil Task: Force 
initiated a beach restoration operation and a total of 24 miles 
of coast was initially selected for the work programme which was 
carried out by the Department of Public Works during the period 
@pril to» October, 1970.° InyApril, a coastal geomorphologist was 
assigned to aid the restoration project and this paper reports 
the results of the observations and investigations of that part 
of the programme. 


This operation was the first attempt to restore 
non-sand beaches without the use of dispersants. On certain 
beaches the work was followed very closely in order to gain 
knowledge which would be of value to future projects of this 
nature. These instances are reported in detail along with a 
broader discussion of the more general aspects of the operation. 
A full account of the entire beach restoration programme which 
deals with each area where work was undertaken and the techniques 
employed has been prepared by the Department of Public Works site 
engineer (MacKay, 1970). This report is complimentary to that of 
MacKay but is concerned primarily with the geological problems 
rather than the engineering, economic, or social factors, 
although these are discussed in the final section. Most of the 
investigations were of a qualitative nature, though data 
collection was undertaken wherever possible to supplement the 
subjective observations. 


The use of earth-moving equipment for beach restoration 
was not recommended in this area and was found to be only 
partially adequate in removing all contaminated material. Sand 
beaches were cleaned by manual and mechanical methods with success 
but no satisfactory mechanical methods were available for the 
restoration of cobble and shingle beaches. This lack of effec- 
tiveness can be attributed to the fact that it was not possible 
to remove all the contaminated material from the polluted cobble 
beaches and to the movement of oil alongshore and offshore which 
led to the recontamination of several of the restored beaches. 
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Chedabucto Bay location diagram. 
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2. PHYSICAL BACKGROUND 


wake ECCOLOGY. 


The major structural feature of this region is the 
Chedabucto fault or fault complex of the Acadian orogeny which 
Separates the resistant metamorphosed rocks of the Meguma group 
in the south from the relatively less resistant late Paleozoic 
sediments which lie to the north (Figure 3). The fault zone 
defines the south shore of the Bay and can be traced eastwards 
onto the Nova Scotian Shelf (King and Maclean, 1970). 


South of the fault zone the stable Meguma platform is 
maceyup Of tightly folded Ordovician quartzites and slates which 
have been intruded by Devonian granites (Webb, 1969). This 
block has been eroded to give an uplifted peneplain which slopes 
gently southwards and the rise of sea level has led to an 
indented shoreline which is in marked contrast to the long 
straight coast of the fault zone. 


The Carboniferous beds which characterize the area 
north of the fault consist in part of a small basin within the 
uplifted basement and are relatively less resistant conglomerates, 
sandstones, shales, and limestones which have been folded and 
metamorphosed. Erosion along the fold axes provides a clear 
example of the general north-east/south-west trend in the Lennox 
Passage area. The erosion of these late Paleozoic rocks has led 
to the development of an undulating lowland area which has been 
drowned to produce an irregular coastline. 


222 iSucticial Sediments 


The areas of bedrock exposure (Figure 4, unit 6) are 
confined largely to the more resistant uplands south of the 
fault zone. Where sediments are present in this area they are 
often very stoney and not deep. The remaining areas west of the 
Strait of Canso have a cover of locally derived glacial till 
(units 1, 2 and 3) with a few local deposits of outwash material 
(unit 4) or post-glacial alluvial sediments (unit 5). These 
latter units account for less than 3 percent of the land area 
(Hilchey et. al., 1964). 


bast .orrtnesstrar ofsCanso-the till deposits are 
derived from the Carboniferous rocks and differentiation on a 
general basis produces a simple textural pattern related to the 
bedrock parent material. 


The till deposits, which constitute the major unit of 
Surface sediments in this region, were laid down directly by the 
ice as an unstratified and unconsolidated mixture of clay, silt, 
Sand, gravel and boulders. 
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The earliest ice advances which have been traced 
(Grant, 1971) indicate a west to east movement across Isle 
Madame. This was superceded by a flow to the north and north- 
west from a centre on the Scotian Shelf while the final phase 
of glaciation is related to the recession of an ice cover which 
had moved south over the area and which disturbed much of the 
existing till deposits. 


2.3 Tides and Waves 


The tides of this area are semi-diurnal, with mean and 
maximum ranges in the order of 4.3 and 6.6 feet respectively 
(Table 1). The tidal range is an important characteristic of 
the littoral zone as it affects the width of beach over which 
wave action can take place. 


Table | Tidal wanges in Chedabucto Bay” (Anon., 


He Og 8B ers 
Mean Tidal Large Tidal 
Range Range 
Location Cet) (EC) 
Canso 
Guysborough 
Port Hawkesbury 
Arichat 4.2 
Petit de Grat 4.4 
St. Peters Bay 4.3 Gtk 


The east coast of Canada is a storm wave environment 
(Davies, 1964) where the most important waves in the littoral 
zone are those generated by local storms and a brief review of 
wind data and the occurence of storms provides an indication of 
the seasonal variations in wave intensity. This part of Nova 
Scotia is exposed to the full force of waves from the east and 
south and those coasts which are directly open to these waves 
have high energy littoral environments. The relatively shallow 
areas in the north and west of the Bay (Figure 5) refract the 
incoming swell waves so that beach orientation is often a 
reflection of the offshore topography. 


The summary of wind data for the meteorological station 
at Canso (Table 2) shows that the highest wind speeds are mainly 
from the north-west and occur in the period December to February. 
The generalized data indicate that the extent of the winter 
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season, in terms of the wave climate and beach form, is probably 
from November to April, while the period of accretion and summer 


profiles is May to October when winds are from the south-west. 


This agrees in general with Neu (1971) who states 
that from December to May "most of the wave energy occurs in the 
7 to 12 seconds (wave) period band propagated from SSW to WNW". 
As part of the Project Oil investigation, Neu recorded wave data 
in Chedabucto Bay for 33 days in March and April, 1970. The 
results indicated that waves with a period less than 9 seconds 
were generated locally or over the adjacent shelf areas but that 
ocean waves with periods longer than 9 seconds prevailed 80 
percent of the time. 


Table 2 Summary of the wind data, 1964 to 1970, Canso, Nova 
Scotia (Anon., not dated) 


Average_of the Average of the 

Monthly Mean Prevailing Monthly Maximum Dominant 

Speeds (mph) Direction Recorded Speed Direction 
Jan. 14.3 NW 42 NW/NW 
Feb. 14.8 NW 40 NW 
Mar. 1378 NW 35 NE 
Apr. 13.4 NW 33 NW/SW 
May e2N7 SW 35 SW 
June 1126 SW Zo SW 
July BOD SW 27 SW 
Aug. T1a9 SW 294. SW 
Sept. 11.4 SW 30 SW 
Ost. he Pale SW 34 SE 
Nov. #927 NW/SW 36 NE 


Dec. 14.8 NW 38 SE 
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35 eTHE:COAS Te OF CHEDABUCTONBAY 


The basic coastal trends are structurally controlled 
while the actual detail of the shoreline results from the 
erosion and submergence of the fault block. Grant (1970) 
estimated that submergence is taking place at a rate of about 
0.5 feet per century through a combination of the eustatic 
rise in sea level and crustal subsidence. This has led to 
the drowning of lowlying coastal areas to produce a complex 
and irregular shoreline for much of the region (Owens, 1971la). 


3.1 South Shore 


The south shore of Chedabucto Bay between Canso and 
Guysborough is a straight, steep coast with a narrow offshore 
shelf (Figures 5 and 6). This is a resistant erosional shore- 
line composed largely of rock platforms and low cliffs with 
pocket beaches of shingle and coarse sand. The amounts of 
sediment in the littoral zone increase noticeably from east to 
west as indicated by the presence of spits and bars in the 
Salmon River - Guysborough area. South and west of Canso the 
irregular coast has resulted from the drowning of the southward 
Sloping peneplain. Although this area was not examined in 
detail it was apparent that rock platforms with little beach 
Material dominate the character of the shore. Occasional 
pocket beaches and spits interrupt the pattern but otherwise 
this area is an excellent example of a submerged resistant 
lowland. More sediment is available for reworking in the 
littoral zone of this region than:along the south shore of the 
Bay, but in both cases there is a general scarcity of beach 
material. 


3.2 West Shore 


Between Guysborough and the Strait of Canso the 
relatively uniform south-east slope of the subaerial and 
Submarine topography (Figure 5) gives rise to a generally 
Straight shoreline. Few bedrock exposures occur and the 
coast is made up of actively eroding till cliffs (Photograph 1) 
alternating with wide accretional shingle beaches (Photograph 2). 
In an attempt to develop an equilibrium shoreline, beaches have 
built up across river exits and embayments while erosion is 
active where there are headlands and higher relief along the 
shore. 


The till cliffs, which have a maximum height of 
60 feet, are easily eroded by subaerial and marine processes 
but provide the beach zone with relatively little sediment. 
The till is composed largely of clay and silt sized material 
which is removed from the base of the cliff as a suspended 
sediment, leaving a few cobbles and boulders in the littoral 
zone. The beaches of the area are generally long and wide with 
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Photograph 1 CAPE ARGOS March 27, 1970 


Air view of a partially eroded drumlin and an actively eroding 
till cliff with a narrow but heavily polluted beach at its 
base. The beach material here is almost entirely derived from 
the erosion of the cliff. 
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Photograph 2 MOOSE BAY yune 9 ,51970 


Air view of the main section of the beach at mid tide before 
restoration. The main storm ridge is backed by a vegetated’ 
swale which in turn is replaced by a higher vegetation sequence. 
A squad of "Slick pickers" is removing contaminated material 
Manually (see also photograph 18), these are located by an 
arrow. No sections of this beach were paralyzed; although 
Originally heavily polluted, most of the oil was buried or 
removed by normal wave action. 
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well-developed storm ridges and would appear to owe their 
growth to the landward movement of sediments from the offshore 
zone with the rise of sea level. It is doubtful that rivers 
and erosion of the till cliffs contribute significant amounts 
of coarse sediment under present conditions. Subsequent 
reworking and longshore sediment transport has produced some 
complex spit systems at several places along this coast. 

Where the till cliffs have narrow beaches at their base, waves 
attack the cliff directly and remove subaerially eroded 
Material, but if the beaches are wide and there is a latge 
sediment build-up, erosion is unlikely. 


363 JNerth Shore 


East of the Strait of Canso, as far as Point Michaud, 
the drowning of an undulating lowland has given rise to a 
complex series of islands and inlets in an area of little 
local relief. Much of the coast is protected from direct wave 
action and beaches have not developed in these sheltered zones 
because of the low energy conditions. 


The River Inhabitants is a particularly good example 
of a drowned valley. It flows into Inhabitants Bay which was 
the original flood-plain but is now a shallow bay with poorly 
developed beaches in a sheltered wave environment. South of 
Inhabitants Bay a series of well-developed bars and spits 
results from the greater availability of sediments and the 
higher energy level of the littoral zone, as this area is 
exposed to wave action from the south and east. The great 
variety of coastal types in this region results from the 
irregular nature of the drowned lowland area and the pattern 
of islands, bays and inlets. The beaches and spits of south 
Janvrin Island and Jerseyman Island are a direct contrast to 
the adjacent but sheltered areas of Port Royal or Arichat 
Harbour which do not receive the full force of waves from the 
Atlantic. 


For most of the sheltered areas the coast is typified 
by a narrow beach, less than 100 feet wide, of coarse sediments 
resting on a till platform. This is usually backed by natural 
vegetation or a low till cliff which may not be subject to 
Marine processes under normal conditions. There is rarely any 
evidence of storm ridge development, though bars and spits of 
limited size occur in most areas. 


On the exposed shores of south Isle Madame and Petit 
de Grat the resistant Proterozoic and Devonian outcrops produce 
a rocky coast devoid of sediments which is very similar to the 
south shore of the Bay. To the north, in the Bay of Rocks, 
this gives way to a series of wide sand and cobble beaches 
Oriented towards the refracted incoming waves from the east. 
Along the north shore, to the east of Lennox Passage, a large 
number of complex spits, bars and tombolos result from the 
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reworking of sediments in an energetic wave environment. As 
with the West Shore there is little indication that terrestrial 
sources are a major contributor of coarse material so that 
again the offshore zone appears to have been the major source 
for littoral sediments. 


3.4 Summary 


Apart from a few exceptions, in the north-east part 
of the Bay the beaches consist mainly of cobbles and boulders 
which are thrown up by wave action onto the higher parts of 
the beach to form a storm ridge. When these investigations 
commenced in April, steep winter profiles characterized most 
areas but by July these had been replaced by the more gently 
sloping accretional summer profiles, and these were still 
evident on all beaches in November. With this change in 
profiles came a marked increase in the amount of coarse sand 
and gravel in the intertidal zone. 


Sand beaches are restricted to the Bay of Rocks, 
Point Michaud, and Blackduck Cove area, all at the eastern 
end of the Bay. These are wide, long beaches with shallow 
offshore zones and have well- -established dune vegetation in 
the backshore areas. 


The shoreline of Chedabucto Bay may be described as 
an erosional coast of rock and till exposures with pocket 
beaches. The growth of large accretional features is evident 
along the exposed north and west coasts but these beaches are 
Supplied with little coarse material under present conditions. 
The sheltered coasts along the north shore have a limited 
sediment supply and are in a low energy wave environment 
with evident erosion in many areas as the region ee 
submergence. 
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4. SHORELINE STABILITY 


"A beach is nothing more or less than a protective 
apron of rock waste fronting the land. Where beaches are wide 
and in equilibrium, erosion is unlikely. Where they are narrow 
and starved of material, wave attack is directed against the land 
with Little to absorb its full ferce™ (fidsen 4196077 


Coarse beach sediments, larger than 3 inches, were 
moved landward from the offshore zone with the rise in sea level 
and any sediment loss by erosion or excavation must be equated 
with the capability of natural replacement. Under present 
conditions, material of this size does not move into the littoral 
zone from offshore, thus the supply of coarse material is very 
limited and large-scale sediment losses cannot be replaced 
naturally, 


41° Tri Girires 


At the base of till cliffs which are in active retreat 
there is usually a narrow cobble and boulder beach (Photograph 1). 
This material is derived largely from the erosion of the free 
face, which is a limited supply source as most of the till is 
clay and silt sized material. The retreat of the cliff leads to 
the development of a small platform at the cliff base on which 
rests the thin cover of beach material. In the sketch below it 
can be seen that on removal of the beach mantle the till base is 
exposed and becomes subject to erosion by marine agents. The 
protection that is afforded by the thin beach mantle is not great 
but with the loss of this mantle the level of the till platform 
is lowered by marine erosion and this in turn leads to a 
temporary acceleration of cliff retreat until an equilibrium 
condition is achieved by erosion of the free face. 


MnHwm 
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Those till cliffs which have wide beaches at their base 
are not normally subject to direct wave action and erosion is a 
result of subaerial agencies, although the talus may be removed 
by littoral processes. These cliffs would be unaffected by beach 
loss unless large volumes of sediments are excavated to the 
extent that marine processes could begin to erode the base of the 
euErs . 


In sheltered areas, such as Inhabitants Bay, wave 
action is limited so that often, marine processes are not active 
in cliff erosion except under storm conditions. In these 
instances, subaerial rather than marine erosion may be consistently 
active though the infrequent storm would produce more dramatic 
results in the long term. The removal of the beach sediments 
which front these cliffs will have the same effect as on more 
exposed shores. 


4.2 Beaches 


Beaches are constantly changing in response to a 
variety of processes which may alter in intensity with the 
season, tidal cycle, or weather conditions. This is a complex 
environment which is still only partially understood. 


The beaches of the region are made up largely of 
cobbles and pebbles and these sediments are being eroded, 
reworked and transported as the littoral zone strives towards 
the equilibrium which the processes demand. Although sand and 
fine sediments are fed into the coastal zone, particularly 
during the summer months, these are not a major contributor to 
the growth of beaches and large constructional features, except 
for areas at the east end of the Bay. 


The loss of large volumes of cobble and’ larger size 
material would be harmful to the shore environment in this 
region. An instance where this has occured in a similar 
Situation is reported by Robinson (1961) at Hallsands, on the 
south coast of England. As with most of the British coast, this 
beach owes its origin to the reworking of deposits during the 
post-glacial rise in sea level and is not now fed with coarse 
Sediments from the offshore zone. At this locality there is no 
significant sediment supply from rivers or coastal erosion so 
that the beaches consist mainly of "fossil" material. Almost 
500,000 cubic yards of shingle was removed in the period 1897 to 
1902 along a half mile length of shore. This led to a recession 
@eeao to 20) feet-between 1907 and 1957 in those sections of 
Beast cliffs which had little protection at their base. The 
actual beach area to the north of the cliffs was lowered by as 
much as 12 feet and only the most southerly sections appear to 
have recovered in any way (Figure 7, profile 6). 
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Be Sop Sept.1923 
a es ee April 1956 


Sept.1956 


Figure. 7< 


Beach Profiles from Hallsands, U.K. 
The changes in beach profiles along Sections 1-6 


(Robinson, 1961) 


between 1903 and 1956. Vertical exaggeration 
for Section 1 is 1:5 and for remainder 1s2.—0. 
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Although material removed from a beach may be replaced 
by longshore drift, providing the loss is not too great, there 
would be a net decrease for the shore as a whole in a region 
such as Chedabucto Bay, as this material cannot be replaced 
rapidly. On beaches which have a marked movement of sediment 
in one direction, should material be taken from the up-drift end, 
there is a danger that the beach may not fully recover as this is 
a section which would not normally receive much "new" material. 
In the same way, removal of sediments from a spit near the point 
of attachment may be harmful as most of the accumulation is 
concentrated at the distal end. This would apply to any 
constructional feature such as a bar, tombolo, or foreland which 
is formed by the longshore movement of material. 


While it is important to consider the loss of material 
in terms of the plan form of the beach, more critical perhaps is 
the effect on the beach in profile. The storm ridge, or the sand 
berm, is built above the normal high water mark and material lost 
from this zone will only be replaced during the infrequent 
occasions when wave processes are active on these sections of the 
profile, providing that material is available for replacement. 
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5. ~OlLL ON. THE SHORE 


5.  Drsertounton 


Those coastal areas which were contaminated by Bunker 
C from the "Arrow" are.outlined in.Figure yee @isedtaq camer 
only accurate for the Bay itself as many of the areas in the 
north-east and to the south and west of Cape Canso were only 
surveyed at the reconnaissance level and only those areas where 
oil was actually observed are indicated. The shore affected by 
oil was more extensive than is shown and it should be noted that 
contamination extended as far as St. Esprit, on the north shore 
some 5 miles east of Point Michaud, and Sable Island, which lies 
over 100 miles south-east of the Bay (Figure 1). The major spills 
took place in February and March but oil leaked from the wreck 
throughout the spring and summer. 


The distribution diagram does not take into account the 
severity of the contamination or the frequency of reoiling. The 
Shores of Janvrin Island, Crichton Island and Jerseyman Island 
and the south shores of Isle Madame and Petit de Grat were 
heavily polluted in February and subject to frequent reoiling in 
the following months. The area of Inhabitants Bay was not 
contaminated by the end of February but was subsequently heavily 
Oiled. To the north and east of Petit de Grat contamination was 
relatively light and not continuous. The shore of the east 
section of Lennox Passage was not polluted due to the construction 
of a dam in the middle section. 


Along the west coast of the Bay, from Cape Argos to 
Guysborough, most of the shore was contaminated but the amounts 
of oil on the beach decreased towards the south-west. Similarly 
on the south shore, the area around Canso was severly polluted 
while to the west of Half Island Cove the degree of oiling 
decreased and some sections were only lightly oiled. 


South of Cape Canso several of the inlets and 
embayments were badly polluted though a full survey of this 
area was not carried out. The distribution diagram does not 
indicate the true extent of oil on this section of coast. 


5.2 Behaviour of Oil on the Shore 


Field observations by Asthana and Marlowe (1970) and 
by Drapeau (1970) during February and March were carried out, in 
part, to provide an understanding of the nature and behaviour of 
oil on the coast. Their conclusions are summarized below. 


Floating oil striking the shoreline behaves 
differently on different types of shore 
material. 
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a). Bedrock-is.coated.-by.aunLiorm Layer of 
oil in the intertidal “zone. Siiewo Gis 
not removed during tidal submergence but 
when exposed, flows into crevices and 
hollows. 


b) Boulders and boulder beaches are 
affected in a Similar way. 


c) On sand and gravel beaches the oil 
remained on the surface and behaved as 
discrete sedimentary particles with 
unique hydrodynamic characteristics. 

The oil particles tended.to ficar free 
and become concentrated along the high 
water line. Oil did not permeate sand 
but acquired a surface coating of sand 
particles (Photograph 3) while on gravel 
it was observed to have. permeated as 
much as 18 inches. Where oil had been 
buried and later exposed by the normal 
accretion and erosion processes, the oil 
layers were less readily eroded and 
formed ephemeral ledges (Photograph 4) 
which were seen to crumble under the 
influence of gravity and sunlight. 


Drapeau also noted that within one month of contamination, gravel 
bars directly exposed to wave processes cleaned themselves 
naturally and effectively, while in protected areas the beaches 
remained polluted. This is particularly evident in Photograph 5 
of Blackduck Cove. The lagoon remained heavily polluted through- 
out the summer while the exposed side of the spit was "cleaned" 
by the end of March. In many of the exposed areas the intertidal 
zone was rapidly cleaned leaving a concentration of oil where it 
had been deposited above the high water mark beyond normal wave 
action (Photographs 6 and 7). Although oil polluted much of the 
upper part of the intertidal zone, wave action is continuously 
active in this zone and any oil laid down above mean high water 
mark would remain undisturbed by normal processes. During periods 
of storm waves or spring tides the remainder of the beach would be 
subject to wave action so that eventually all contaminated areas 
would be cleaned naturally. On cobble and shingle beaches, oiled 
material originally in the intertidal zone was often moved up the 
beach by storm or swell waves and deposited as part of the storm 
ridge. This may have occurred on several occasions so that with 
Subsequent exposure the contaminated material would appear as 
layers interbedded with clean sediments (Photograph 4). 


Exposed beaches are generally capable of self-cleaning 
(Johnston, 1970) but there is a threshold beyond which beaches 
become “paralyzed” (Drapeau, 1970) ., Tus (situation a eee. eer 
a result of either heavy contamination or insufficient wave 
action. The beaches of Arichat Harbour and Inhabitants Bay, for 
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Puotograph 3 HADLEYVILLE No. 2 wu ley OR a9 70 


The east end of the beach was made up of coarse sand and the 
Oil remained as large pans which had a surface layer of fines 
Or was buried to a depth of several feet. No oil was visible 
in the intertidal zone. 
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Photograph 4 HADLEYVILLE No. 2 sul 0 1 970 


On the west end of this beach at low tide. The layers of oil, 
when exposed by wave action, are more resistant to erosion 
but quickly collapse through sunlight and gravity. 
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Photograph ~5 BLACKDUCK COVE Apri 25,1970 


Air view of spit, lagoon, and cove from the south at high tide. 
The lagoon is virtually cut off from the sea at low tide. .This 
area was heavily polluted though the exposed section of the 


spit has been virtually cleaned by wave action whilst the beach 
in the lee of the spit remains paralyzed. 
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Photograph 6 HADLEYVILLE No. 2 July LO; *2970 


The central section of the beach was characterized by a thick, 
continuous layer of oil ten to fifteen feet wide, above the 
high water line. This upper part of the beach, rarely affected 
by waves, remained paralyzed while the intertidal zone was 
cleaned by wave processes. 
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Photograph 7 JERSEYMAN ISLAND June 21, 1970 


A badly contaminated cobble beach near the high water mark. 
Although this beach has been partially immobilized, wave action 
has begun to clean the area below the high water line by 
abrasion and burial. With storm waves the remainder of the 
beach will be combed down and the cleaning process will be 
extended to include all the contaminated material. 
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example, were paralyzed by a combination of both these factors 
while the heavily polluted but exposed beaches of Crichton and 
Jerseyman Islands remained mobile. 


Four samples were collected for analysis of oil content 
by volume to determine the oil/sediment ratio on different 
beaches. Two were taken from the exposed, mobile beach at Moose 
Bay near the high water mark. The first was at a site which 
appeared clean and the second from material which appeared badly 
Oiled. The results indicated 9 and 90 parts per million of oil, 
respectively. Two more samples were taken from the intertidal 
zone of a "paralyzed" beach at Arichat. These provided values 
of 4 and 5 per cent of oil. All the samples were from cobble 
beaches with a material size range of 1 to 6 inches. 


5.3 Previous Beach Restoration Projects 


The only restoration projects before the Chedabucto Bay 
operation resulted from the "Torrey Canyon" and "Santa Barbara" 
Spills. Neither of these are directly comparable as the coasts 
of south-west England were cleaned with dispersents while the 
wide, firm, sandy California beaches were restored with relative 
ease. 


The work of the Ministry of Technology, Warren Spring 
Laboratory, dates from 1960 and their involvement in the "Torrey 
Canyon" clean-up provided a practical demonstration of the various 
restoration techniques which are reported by Wardley Smith (1968a, 
1968b, 1969, 1970). The fundamental conclusion from their 
experience is that no one method is adequate because of the 
variety of coasts and the amounts and types of oil involved. 
Despite this, it was stressed that the best defence is prepared- 
ness so that if oil does reach a shore the correct action may be 
taken immediately. 


The various methods of restoration which were discussed 
are summarized below. 


a) Burning. In most instances this is not satisfactory 
because of inefficiency and cost. Most oils, 
particularly Bunker C, do not burn readily and 
require a great deal of assistance; even then the 
oil burns very slowly. Heating often makes the oil 
more mobile so that it penetrates deeper into the 
beach and contaminates more material. 


b) Absorbtion. The use of sawdust, peat moss, or 
Similar material was found to be very useful but 
costly in terms of the labour required to spread 
and retrieve the absorbant. 


c) Surface Coating. A crust could be formed on the 
surface of the oil with the application of large 
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quantities of powder or fine particles. This 
Stabilized the surface but was not satisfactory 
for preventing the oil from moving and did not 
CONLt toute to ‘the removal “of the oil: 


d) Mechanical Removal. This method was found to be 
satisfactory for the removal of surface oil but 
not all the contaminated material was removed by 
the machinery. In combination with dispersants 
this method proved effective on cobble beaches. 
Machinery was developed to pick up contaminated 
material because of the unsuitability of available 
excavating or earth moving equipment, but this was 
elaborate, sometimes expensive, and not always 
successful. 


e) Manual Removal. Effective on most beaches but 
expensive because of labour costs. Techniques 
include raking, shovelling and spreading 
absorbant materials. 


f) Dispersants. Very effective in removing the oil, 
especially on cobble beaches, but toxic to marine 
rrTe’. 


Each of these methods was considered in terms of applicability 
to different shoreline types. 


a) Marshes. Manual removal would be best but burning 
may be effective during the non-growing season. 
However, unless the oil is thick the marsh is best 
left so that it could recover naturally. 


b) Mud Flats. Although these areas would be left 
alone where possible, if restoration is necessary 
mechanical scraping or dispersants could be used 
for thick deposits. 


c) Sand. Again it would be best to leave cleaning to 
natural processes if possible but if action is 
necessary, manual or mechanical raking would be 
effective. If the beach is heavily polluted, 
material could be pushed into the sea at low tide 
and the beach then sprayed with emulsifier. The 
sand would be reworked, cleaned, and returned to 
the beach without any sediment loss to the littoral 
zone. 


d) Shingle. Apart from natural processes only 
dispersants could rid the beach of all contaminated 
material. No machinery was available which could 
clean the beach without the aid of dispersants. 
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e) Rock. These areas are best left to the action of 
waves and weather but burning or dispersants could 
be applied if necessary. 


Following the Santa Barbara spill on the California 
coast the United States Federal Water Pollution Control 
Administration (FWPCA) initiated an evaluation of earth moving 
equipment in oil contaminated beach restoration operations 


(FWPCA),. 19:70)..9). Thais. projecthwasy carriedzout:on, wide; ofarm, fdac 
sand beaches which had oil on the surface or in the surface 
layers. The results of this technique analysis are given below. 


a) Grader/Scraper. This was found to be the best of 
the techniques evaluated. Contaminated sediments 
were pushed into wind-rows by the grader and then 
lifted by the scraper. This technique removed the 
least uncontaminated material but spillage from the 
scraper required a following pick-up crew. The 
grader became stuck on coarse sand unless expensive 
flotation tyres were in use and accuracy decreased 
if traction was low. 


b) Scraper. Used on its own the scraper had a high 
Spillage and like the grader, it required a flat 
beach and became stuck easily. 


c) Grader/Front-end Loader. The loader was used to 
remove the wind-rows. Its performance in general 
is outlined below. 


dad) Front-end Loader. This machine was the least 
efficient of those tested as it removed too much 
uncontaminated material and had a high spillage. 
The same defficiencies apply to bulldozers and 
tracked loaders as bulldozers were found to "grind 
the oil several feet into the sand". 


e)  Ramp-Conveyor System. This method was developed to 
remove the material after the grader formed the 
wind-rows and was found to be valuable for very 
large operations. 


Neither of these evaluations are directly applicable to 
the problems which were faced in Chedabucto Bay, as no wide, sand 
beaches required mechanical restoration and dispersants were 
ruled out of the programme. The conclusions from the work in 
Britain indicated that natural cleaning is best but even if 
restoration is necessary, Shingle beaches were not cleaned 
properly by machines alone. The evaluation project by the FWPCA 
Showed that the grader and bulldozer were the least efficient of 
the earth moving equipment tested. The performance was 
particularly bad if the vehicle had tracks, -as.clean and 
contaminated sediments were mixed by spillage and grinding. 
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5.4 Recontamination 


Pollowing tne rounding and sinking of the "Arrow", 
large slicks contaminated over half of the shoreline in the Bay 
and leaks from the wreck continually spilt small amounts of oil 
throughout the spring and summer. These slicks were a great deal 
smaller and thinner than those of February and March but this oil 
did recontaminate many of the beaches along the north shore area. 


Other sources of oil which led to shoreline 
recontamination were from the coastal areas themselves. The 
reworking of contaminated sediments by wave action led to the 
release of oil onto the water in small amounts. This was 
exemplified by the action of tracked vehicles working in the 
intertidal zone in the early phases of the project before better 
_machine-operation techniques were developed. In particular at 
Arichat, which was the first area to be worked, a substantial 
amount of oil was released into the sea and this led to the 
reoiling of adjacent beaches (Section 6.4.1). 


Oil was often contained in rock hollows and crevices 
above the limit of normal wave action. With spring tides or 
storm waves, some of these pools of 01il were flushed, leading to 
recontamination of adjacent alongshore areas. This was judged 
to have been the reason for the reoiling of Indian Cove 
(eection. 6.423):. 
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6. BEACH RESTORATION 


6.1 Deep Cove, February 1970 


In mid-February, shortly after the sinking of the 
"Arrow", the Canadian Armed Forces bulldozed part of the bar at 
Deep Cove in an attempt to clean this beach (Photograph 8). It 
was estimated that some 3,000 cubic yards of sediment were 
excavated and removed during this operation (Asthana and Marlowe, 
1970). This trial was not successful as oil and sediments were 
thoroughly mixed and not all the contaminated material was 
removed. This operation was also ineffective in terms of 
recontamination as this area was reoiled within a few tidal 
cycles and on several occasions subsequently. 


The beach which was subjected to bulldozing is a 
narrow bar which joins two islands and the removal of large 
volumes of sediment was considered very damaging to the stability 
of the foreshore (Asthana and Marlowe, 1970). As a result of 
this experiment a recommendation was made to the Task Force that 
bulldozing should not be continued and that beach restoration 
should be restricted to manual methods (see also 6.4.6). 


6.2 Selection of Beaches for Restoration 


Before the assignment of the coastal geomorphologist to 
the programme, a series of beaches had been selected for 
restoration. These beaches included all accessible nationally 
rated shorelines (these are rated on a recreational basis), as 
well as community beaches in the area. The information regarding 
the location and extent of these beaches was supplied by the 
Emergency Measures Organization. Additional sections of coast 
were included in the programme as a result of public requests. 

In all, 30 miles of coast were restored by the Task Force. 


The restoration programme was carried out by personnel 
of the Department of Public Works who determined whether beaches 
could be restored by manual or mechanical methods. Lightly oiled 
beaches were restored by squads of "Slick pickers" (Section 
6.3) while contracts were drawn up for the restoration of heavily 
contaminated sections. These were awarded to private companies 
after bids had been tendered. 


No geological criteria were included in the decisions 
regarding which beaches were to be restored by the Task Force. 
Only after a section of coast had been designated were these 
criteria considered and the geological input was largely 
restricted to recommendations concerning those beaches actually 
under contract rather than advice related to the restoration 
programme as a whole in terms of the selection of beaches. 
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Photograph 8 DEEP COVE March ds 2970 


Air view from the north of armed services restoration work. 
This is a long, narrow bar which joins two islands and is 
open to wave action from the south and east. At the east 
end of the beach a spit has grown north to partially close 
off a small lagoon which is being infilled with mud and silt 
transported alongshore. The sea at the near side of the bar 
and the lagoon, are ice covered. Material has been piled up 
by the bulldozers for later removal. 
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6.3 Manual Restoration 


Those sections which were designated for restoration 
but which were only lightly oiled were cleaned effectively by 
squads of "Slick pickers". These units, local labour under the 
Department of Public Works supervision, removed oil and 
contaminated material with shovels and rakes (Photograph 9). The 
material was placed in plastic bags which were collected and 
removed to an approved dump site. 


Although this method of restoration is comparatively 
expensive in terms of labour costs, it is most efficient and 
effective as only contaminated material is removed. The loss of 
sediment from a beach is low, so this has very little adverse 
effects on beach stability and except where the oil is deeply 
buried, it is possible to remove virtually all the contaminated 
material. 


The sand beaches in the Point Michaud area and in the 
Bay of Rocks were successfully cleaned by this method. These 
shores were not in danger of recontamination and remained clean 
throughout the summer. Shingle and cobble beaches were harder 
to clean as the oil did not remain in cakes and pans on the 
surface but this method is still preferable to the use of heavy 
machinery on lightly oiled beaches. 


Any material which was buried and not removed manually 
would probably be exposed in the winter or spring when the beach 
is combed down under vigourous wave action. This oil would be 
subject to wave action throughout the winter and by the following 
summer there should be little evidence of any contaminated 
material on the exposed beaches. 


6.4 Contract Work 


This section includes detailed accounts and analyses of 
the contract work on five beaches and a more general report on 
some of the other beaches where machinery was used. Not all of 
the sites which were contracted or where machinery rental was 
used are dealt with (MacKay, 1970) but the operations reported 
cover a representative cross-section of the shoreline areas in 
Chedabucto Bay where projects were carried out. The location 
of the sites reported here is given in Figure 2. 


6,4 le Arirchat 


The contract for a 3,700 foot section of beach was 
awarded to a low bid of $4,479 and the work was carried out over 
9 days between April 30 and May 11, 1970 using a fixed-blade 
International TD15 bulldozer and an International TD9 skid shovel; 
both. vehicles, were tracked. A total of 422 cubic iverdsieot 
material was removed and 40 cubic yards were brought in as clean 
replacement at Le Noir Forge. 


35 


Photograph 9 SLICK PICKERS May 29,1970 


Air view of the restoration of a sand beach manually. Oil and 
Oiled seaweed is shovelled into plastic bags which are collected 
for dumping. This method is very effective as spillage is 
negligable and only contaminated material is removed. 
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Descriptionmoruthemcontractwared 


This is a sheltered location not exposed to the direct 
action of waves from the Atlantic with a tidal range in the order 
of 4 to 6 feet (Table 1). All of the contrace area wwas) pacty 
Oiled and the beach zone was effectively paralyzed; that is, oil 
prevented the normal movement of sediments by wave action. In 
detail the section may be subdivided into four units: 


1) Between the Arichat wharf and Le Noir Forge the 
shore is characterized by a 20 to: 25) fo0Le ers 
cliff (Photograph 10). ‘The width of the beach 
zone averages 40 feet at low tide and is made up 
of sediments derived directly from the subaerial 
and marine erosion of the cliff. This beach 
mantle was rarely more than a foot thick, mostly 
gravel and cobble size with a few boulders and 
overlay the till platform which resulted from 
the retreat of ‘the clive.” Sections o57 12 
backshore are undergoing active erosion but in 
general the supply of material into the littoral 
zone iS minimal. As the stone content of the 
till is low, most of the eroded material is 
removed as suspended sediments. 


2) A small prograding beach, about 100 feet long 
and 60 feet wide, fronts a low backshore in the 
area immediately west of Le Noir Forge. This 
beach appears to have resulted from accretion 
which occured as longshore sediment transport 
was interrupted by the small headland on which 
Le Noir Forge was constructed. 


3): The (Le eNeir »Porge cheadland /isvardcibl bedrock 
area which has a beach of till-derived material 
at its seaward end. The two small beaches on 
either side of the headland are of gravel and are 
areas of more rapid accretion. 


4) The east half of the area is made up of a series 
of three mid-bay bars and low active till cliffs. 
The bars have built out on a shallow platform 
which has a maximum width of about 150 feet. 
Sediment accretion on these small bars has 
deprived the intervening areas of material so 
that the narrow beaches have not prevented wave 
erosion of the backshore cliffs. The tili=eiz¢es 
are generally lower than the west section, being 
between 5 and 15 feet high. Various sections 
have been riprapped or protected with wood 
structures to prevent the erosion of property. 
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Photograph 10 ARICHAT May 2, 1970 


Air view of Le Noir Forge and west section at low tide. The 
bulldozer had made a "road" along the base of the active till 
cliff at the high water mark. This section was heavily 


contaminated and the beach zone was paralyzed. The contract 
area ended at the wharf. 
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Restoration 


This contract was the first to be issued and work began 
on April 30. Contaminated material in the intertidal zone just 
to the west of the Le Noir Forge was heaped into piles anda 
"road" was bulldozed along the high water mark westwards toward 
the wharf. Some concern over the action of the contractor was 
expressed and it was decided not to remove any material beneath 
the cliff west of Le Noir Forge. As the "road" had already been 
bulldozed part of the way, the disturbed material on that section 
would be pushed against the base of the cliff but the contaminated 
material which had been piled up on the beach adjacent to Le Noir 
Forge would be removed. 


On May 2, the "road" was bulldozed through to the west 
end of the contract section, near the public wharf and during 
May 2 and 3, the disturbed material in this section was pushed 
against the base of the cliff up to 4 feet above normal beach 
level. The piles of material west of Le Noir Forge were removed 
on May 5. The Department of Public Works site supervisor 
reported "fresh" oil on May 3 and 4 on those areas of the beach 
which had been subjected to machinery. 


On May 6, a decision was made to remove and replace a 
section by Le Noir Forge which had been excavated to the till 
bedrock and areas were outlined in the east half of the contract 
where material should not be disturbed. During May 6 to 10, the 
areas designated for cleaning in the east section were dealt with 
by the contractor and on May 11 the contractor was released. 


Effectiveness and Results of Operation 


a) The use of a bulldozer to drive a road through the west 
section thoroughly mixed contaminated and uncontaminated 
sediments. As the beach was scarcely wider than the 
resulting road the contractor should have removed the 
layer of contaminated material while progressively 
moving westward. 


This action highlights an important point that the site 
supervisor should be aware of the implications of various 
actions so that he can make on the spot decisions which 
will be carried out by the contractor in order to prevent 
action which may be undesirable or endanger the stability 
of the beach. 


b) The removal of material from the beach at the foot of the 
till cliffs may have accelerated basal erosion. The beach 
consisted of a thin cover of till-derived sediments over- 
lying a till platform which was exposed as the "road" was 
bulldozed across the beach. In order to minimize the 
possible adverse effects of this action the disturbed 
sediments were pushed against the base of the cliff. 


Cc) 


d) 


e) 


f) 
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No material was removed from this area but the disturbance 
Opt Nee veachamaterial ted to the washing out of the fines 
and the release of oil into the littoral zone. The fines 
were transported along shore, in a band some 6 feet wide 
adjacent to the beach, while the oil was redeposited in 
thin layers near the high water line (Section 5.4). 

The section would have been better left, although at least 
this beach was no longer paralysed. 


In the area of beach to the west of Le Noir Forge some 62 
cubic yards of material was removed by the contractor, 
approximately a 12 to 18 inch layer of sediments. At the 
completion of the contract, this area was relatively clean, 
with only a small amount of reoiling near high water mark. 
On May 26 and 27, the beach was reoiled by a slick (not 
from the "Arrow") 30 feet by 5 feet which was 3 inches deep 
in parts. Peat moss was placed over the oil on the 28th 
and the contaminated material was removed manually to a 
depth of 12 inches on June 2. Some 2 feet of beach was 
removed in all and even those sections re-cleaned on June 2 
had been slightly reoiled by June 3. 


On the seaward edge of Le Noir Forge promontory, some 20 
cubic yards of material were removed. This exposed the 
till base and the replacement of 40 cubic yards of 

larger, boulder sized material has increased the stability 
of this small section of beach. The clean material used as 
replacement has been contaminated. 


In those areas east of Le Noir Forge which should have 
presented no difficulty for the contractor, i.e. only a 
Shallow surface layer of material was contaminated, the 
use of a bulldozer with a straight blade was demonstrated 
to be particularly unsuitable. As material is pushed 
forward by the blade, clean and contaminated material is 
mixed. Spillage around the edge of the blade contributes 
to the inefficiency of the method as this material must be 
removed by a subsequent pass and is often ground in by the 
tracks of the vehicle. The only way in which the bulldozer 
could operate effectively was to pile up material for 
removal by other equipment and this tended to mix sediments 
rather than remove the contaminated layer. 


The cleaning of selected sections of a shoreline is not 
effective because oil from adjacent contaminated areas 
eouwell ae irom Critshnote, can lead to recoiling, “All of 
the beaches subjected to cleaning had been reoiled by 
June 4, either from alongshore or offshore. 


The two basic criteria that all contaminated material 
should be removed and that there should be no danger of 
recontamination were not realized on this contract 
section. 
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h) The Arichat beach was badly contaminated and much of the 
littoral zone was "paralyzed". From this aspect, the 
restoration operation at least made the beaches mobile 
once more, though this could have been achieved by the 
use of a tractor-drawn rake or hoe. The contract was 
the first to be awarded and many of the lessons learnt 
here were applied to later projects. 


6.4.2 Blackduck Cove 


The contract for this 4,600 foot section of coast in 
the north and north-east of the Cove (Photograph 5) was awarded 
for $6,000 and the operation required 9 days between April 30 
and May 12, 1970, using a fixed-blade Caterpiller D6C bulldozer 
and a Caterpiller 950 wheeled front-end loader. A total of 
4,469 cubic yards of material was removed and 360 yards of 
Clean boulders were brought in along the north shore. 


Description of the contract area 


The Cove is on the south coast of Nova Scotia but is 
not directly exposed to waves from the open sea. At the east end 
of the shallow cove a wide, medium to coarse grained sand beach 
is backed by a vegetated berm and brackish marsh. The beach is 
generally about 100 feet wide but at spring tides may be up to 
300 feet wide. The abundance of sand in the offshore zone and 
the shallow nature of the cove indicate that there is an ample 
supply of sand-sized material for beach replenishment. The berm 
and backshore areas are stabilized by grass. Both ends of this 
section are areas of mud and silt accumulation presumably where 
the fines have been deposited by alongshore movement away from 
the centre of the beach. 


The oil on the sand beach had "paralyzed" the sediments 
above high water and though some self-cleaning had taken place in 
the intertidal zone, oil had mixed with sand and seaweed to form 
large immobile cakes (Photograph ll). 


The northern shore of the cove is a low silt/sand area 
which has a surface cover of large glacially derived boulders 
which protected a road and houses on the low till backshore from 
marine erosion. This area was heavily polluted and paralyzed. 


Restoration 


The contractor commenced work on April 30, 1970, in the 
sandy beach section. Contaminated material was bulldozed from 
the intertidal zone into large piles above high water for 
subsequent removal by the front-end loader (Photograph 12). 


Concern was expressed over possible damage to the 
backshore vegetation by the machinery and the contractor 
thereafter maintained one track for the trucks. 
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Photograph 11 BLACKDUCK COVE April 25,5 01970 


Air view of sand beach at the east end of the cove near high 
tide. Oil is present as a thick, continuous layer along the 
high water mark and along the edge of the vegetation. Thick 
patches of oil and seaweed "cakes" cover much of the intertidal 
zone but the beach is still mobile. The cobbles and boulders 
along the north shore in front of the cottages are also heavily 
polluted but this section is paralyzed. 
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Photograph 42 BLACKDUCK COVE May: 2;,. 1970 


Air view of beach restoration work at low tide. A bulldozer 
has pushed the contaminated sediments above the high water mark 
for subsequent removal by a front-end loader. The contaminated 
material along the edge of the vegetation was removed by the 
bulldozer scraping backwards down the beach in order to 
minimize damage to the backshore. For the same reason, access 
to the beach from the backshore was carefully controlled to 
prevent the development of blow-outs. 
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The sand section was cleaned by May 2 and work then 
Degen on ene DOLE Snore.- The contractor agreed to remove 
Material Only trom the upper part of the intertidal. zone. An 
egreement was reached to replace one section where the road on 
Ene wOaChSNO Gee Wocmlet ue sOpel tO wave action by the removal of the 
boulders. 


Effectiveness and Results of Operation 


We eireme lLeal-UDkOLr  tiessand area was “a successful operation but 
DyevEleengquche Material above water level, mixing of oiled and 
CHNecaimicatem cai too<spbace. Although spillage by the bull- 
dozer was high it was of a much lower magnitude than ona 
cobble or mixed beach. Ideally the material should have been 
yrted Off the beach rather than pushed around for removal by 
other equipment. 


ip weener ole access to the beach by the trucks using only one 
track resulted in damage to only one area of vegetation 
rather than wide-spread disturbance. Where contaminated 
material was found near the edge of the berm vegetation, 
the bulldozer was used to scrape down, rather than dig or 
push up the material. This again helped to minimize damage 
to the vegetated zone, (the destruction of the vegetation 
could have led to blow-outs). 


c) At the extremities of the sand beach the bulldozer often 
Sank above its tracks in the silt and mud. This led to a 


thorough mixing of contaminated and clean material. In 
"soft" areas like this, very little can be done with heavy 
machinery. 


d) The sand areas were easily cleaned as the oil was only on 
the surface and this type of material is more easily handled 
than gravel or cobbles. An angle-blade on the bulldozer may 
have been an improvement, as this would have reduced spillage. 


e) Although the sand beach was clean after the contractor had 
completed his work, it was reoiled on various occasions 
subsequently from alongshore areas. By the end of July the 
intertidal zone was again covered with cakes of oil, sand 
and seaweed over large areas and these were still evident 
in November. The heavily polluted lagoon at the west end 
of the Cove released some of its oil throughout the summer 
and this was transported alongshore towards the beach by 
incoming waves (Section 5.4). 


6.4.5 indian Cove 


(Fox Island Main) 


This 850 foot beach was contracted for $2,000 and 
involved four days work between May 15 and May 20, 1970. A 
Caterpiller 950, wheeled, front-end loader removed 1,368 Cubic 
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yards of beach material during this period. The volume of 
sediment excavated on subsequent occasions is not available. 


DeScription Of Contract avea 


This is a small concave pocket beach set back between 
two rock headlands. The beach has a maximum width of 130 feet 
and the material varies from coarse sand in the lower parts of 
the intertidal zone to cobbles at the crest of the storm ridge, 
the typical mixed beach of this area, with the dominant size in 
the cobble range. 


The well developed storm ridge in the eastern half is 
backed by a low vegetated swale and a brackish pond. In the west 
half there is a continuous level area of old beach material 
fronted by a poorly defined beach crest ridge. The oil was 
confined to an area above normal high water level as a 6 to 12 
inch thick caked layer approximately 10 feet wide which extended 
for almost the entire length of the beach (cf Photograph 6). 


Restoration 


A small experiment using a front-end loader with a 3 
cubic yard capacity bucket was carried out on May 13 to test the 
effectiveness of this equipment for lifting off the oiled carpet. 
The encouraging results led to the use of the front-end loader 
for this operation and the beach was cleaned between May 15 and 
20. 


By May 25, the eastern 300 feet had been badly reoiled 
in the high water mark zone from the adjacent oiled rock areas 
(Photograph 13). On June ll to .13, pull dozemaw coco ecrou. 
bucket was rented to re-clean the beach. Oil was removed from 
the rock areas manually and limestone was spread over the rocks 
to stabilize the remaining oil, but recontamination occurred on 
several occasions throughout June and July (Section 5.4). 


Beach profiles 


To provide some measure of the effects of sediment 
removal, the beach was surveyed by 17 levelled profiles on May 
14, 21, 29, June 14 and November 11. Six of these profiles, all 
from the east end of the beach, are presented in Figure 9. 


In order to ascertain the distribution of sediment 
removal across the beach, profiles were taken immediately before 
(May 14) and after (May 21) the contract work. The limits of the 
thick, continuous layer of oil on the beach are shown (Figure 9b) 
and it is evident that the beach had been able to clean itself 
except for those areas above the reach of normal wave action. 
Most of the sediment removal was from this zone and as was noted 
earlier (Section 4.2), this part of the beach is not an area of 
accretion except during periods of storm waves or spring tides. 
Sediment replacement is, therefore, not rapid in this zone. 
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Photograph 13 INDIAN COVE May 25, 1379 


The east section of this pocket beach at low tide, four days 
after completion of the contract work. Before restoration, a 
thick continuous layer of oil, six to ten feet wide, covered the 
length of the beach above the high water line. (see photograph 
11). The figure is standing near the high water line. 
Recontamination was from alongshore and the oil concentrated 

in the upper part of the intertidal zone. 
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As a result of a reoiling at, the east end of the beach, 
further excavation took place and the effects of this are shown 
in Figure 9c, which compares the original situation with that 
following the second removal operation (June 14). Parts of this 
beach lost as much as five feet of sediments. 


The fact that some replacement of material occurred 
during the summer months is indicated in Figure 9d. However, the 
profiles show that in the intertidal zone material had been 
removed by wave action. The beach had been unaffected by storm 
waves before November 11 and this should have been a period of 
net accretion in the intertidal zone. It is likely that the 
material was pushed up into the area around high water mark but 
the effect of winter storms combing down the beach may lead to a 
further lowering of the foreshore. Reprofiling during the spring 
of 197l-wilt give a better indication Of @iysiemg “tvermsctlerce. 


Effectiveness and results of operation 


a) A carefully handled front-end loader was able to remove 
the one foot deep oiled layer efficiently. The bucket 
was used to cut under the oil and 1ift.it, disturbing 
little of the uncontaminated sediments. This worked well 
as long as the operator did not attempt to fill the bucket, 
in which case the effect was to push rather than lift and 
spillage was very high. From the point of view of the 
contractor, this method is wasteful as the loader bucket 
is filled to only about one quarter of its capacity. MThus 
the efficiency of his operation suffers. 


b) Beaches where the oil is only on the surface are 
relatively easy to clean mechanically, as it is necessary 
to remove little sediment. However, with the equipment 
available, spillage is high unless the operator is 
particularly careful. A machine which could get under 
the oil carpet, “tn the manner of a fork lift truck, wotld 
be ideally suited to this type of situation. 


c) This beach was generally well cleaned except for 
occasional patches of oil contaminated material which 
were spilled by the loader; these were removed manually. 


ad) The mixing of oil covered pebbles or cobbles with fine 
materiak; leads,,to,a..surface cover of sand andesa lt 
Sticking to the stone, which disquises the oil beneath. 
Subsequent washing and reworking by wave action tends to 
remove the surface material and may give the impression 
that the beach has been recontaminated although in fact 
this is a result of the mixing of material during ‘cleaniaa, 


e) Reoiling of the eastern section took place (within ~4eaav-) 
during a period of spring tides as oil was released from 
pools and cracks in the adjacent rock areas (Photograph 13). 
High temperatures during the preceding week had encouraged 
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the oil to collect in hollows and this was then easily 
Wasneaq Out Dy the waves.= The actual timing of the 
reoiling coincided with the spring tides so that the 
pools of oil had not been within the range of normal 
wave action for several weeks (Section 5.4). 


f) The oil which recontaminated the beach was generally 
less than half an inch thick but would cause as much 
inconvenience as the thick layer removed earlier. Unless 
all sources of recontamination are dealt with, the chance 
Stereo ling wi) @emain. It aS not practical to Clean 
only one section of a coast, as oil from alongshore may 
spread to cleaned areas, which was demonstrated by the 
fact that this beach was reoiled several times. 


6.4.4 “Halt Island. Cove 


This 1,500 foot section of beach was restored during a 
Six day period between May 26 and June 15 at a cost of $3,000. 
A Caterpiller 950 wheeled, front-end loader was used and 1,761 
cubic yards of material were removed. 


Description of the contract area 


This is a wide, shingle beach partially set back from 
the general trend of the straight coast on the south shore of the 
Bay. The beach has a maximum width of about 80 feet and the 
lower intertidal zone is composed of fines and gravel while the 
storm ridge and upper beach zone are shingle. The alongshore 
movement of material appears to be from east to west. 


The most easterly 600 feet of the contract area, 
commencing from a low rock platform, is backed by a 20 foot 
Semive til! clitt. The next 00 feet rorm a ridge some 120 feet 
wide which has a lagoon in the rear. The central-.200 feet were 
excluded from the contract. This area consists of a bedrock, 
boulder and shingle zone backed by a 5 foot active till cliff. 
The westerly 400 feet form a steep narrow beach with a shingle 
Storm ridge, and a low wooded backshore. At one point, a rib of 
rock extends from the mid-tide zone seawards for almost 100 feet. 


No oil patches were visible on the surface as all the 
contaminated material had been reworked by wave action and in 
parts had been buried to a depth of three feet. The rock 
platform just to the east of the contract section was badly oiled 
and much of this oil had collected in pools and cracks. 


Restoration 


The beach was surveyed with 16 levelled profiles on 
May 25, prior to cleaning which commenced on the 26th. A short 
experiment with a road grader was conducted on May 26 to the west 
of the contract section on a wide, low sloping part of the beach. 
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The contractor left the area on the 28th but as the work was not 
completed satisfactorily he returned on June 13 and 14. 


On June 14 and 15 material was removed from one section 
of the beach below high water mark. This was used as clean 
replacement for Phillips Harbour which has been subjected to 
machinery. The profiles were resurveyed on May 30 and June 15. 


Results and effectiveness of operation 


a) The tests with the road grader were not productive as this 
machine requires a firm, flat or low angle surface. While 
it was able to work with some efficiency along the flat 
crest of the ridge, difficulties were encountered on the 
low beach face slope. As has been reported elsewhere 
(Section 5.3),.a grader is useful and, effective on f2rm,; 
low sand beaches where the oil is on the surface. Ona 
gravel or shingle beach it is of no practical value. 


b) The basic problem in this contract area was to remove 
buried, contaminated material. At the first attempt the 
contractor merely scraped over the surface and as this 
was not acceptable, he returned and removed more beach 
material. There still remained a great deal of con- 
taminated sediments after the contractor was released 
(Photograph 14). The only way in which the method 
employed could have succeeded would have been to remove 
most of the upper sections of the beach without spillage. 
This is both undesirable and impractical and may have led 
to adverse effects, such as increased erosion of the till 
cliffs or breaching of the lagoonal ridge. 


c) Even if the beach were cleaned adequately, there is a 
danger in this area of recontamination by oil from the 
adjacent rock platform and other areas alongshore. 


d) This beach was not paralyzed by the oil and wave processes 
had been active and effective in cleaning and burying much 
of the contaminated material. Following the restoration 
programme the beach was no cleaner in terms of recreational 
purposes, so that there was little net gain from the 
operation. There was no large-scale removal of sediment 
and no damage to the beach itself. 


6.4.5 Hadleyville No. 1 


This 4,500 foot beach to the west of Oyster Point was 
contracted out for $9,450 and work took 8 days between June 2 and 
ll. A Caterpiller D6C bulldozer and a Caterpillar 950, wheeled, 
front-end loader removed 3,980 cubic yards of material. 


Photograph 14 HALF ISLAND COVE June 3, 1970 


Close-up of contaminated cobbles after restoration. This may 
have resulted from spillage, mixing, or the exposure of 
buried oiled material. Scale is graduated in decimeters. 
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Description of contract area 


This well developed, prograding, steep shingle beach 
is one of several similar formations on the north-west coast 
of the Bay. The longshore movement of material is to the east 
and large depositional ridges are evident at Oyster Point, just 
east of the contract area. Parts of the backshore have large 
well-preserved former storm ridges which attest to the gradual 
seaward progradation of the shoreline. 


The intertidal zone has a maximum width in the order 
of 100 feet in the central parts of this section and the material 
distribution is fines in the lower intertidal zone with a shingle 
storm ridge above normal high water mark. 


The shallow nature of the offshore area has allowed 
the beach to become oriented towards the dominant direction of 
refracted wave approach, that is, the south-east. 


There was very little contaminated material visible 
on the surface of this beach. The oiled sediments had been 
reworked by wave action and were buried to a maximum depth of 
4 feet. In some areas a layer of oiled material on the upper 
parts of the beach had been buried and the seaward edge 
eroded, so that a band of contaminated sediments was evident in 
the beach face slope (Photograph 15). The only method of 
cleaning with machinery involved the large-scale removal of 
mixed clean and oiled material. 


Restoration 


The contractor began work on June 2 and in many sections 
of the beach the bulldozer was used to pile up, above high water 
mark, material which was subsequently removed by the front-end 
loader. Where the oil was deeply buried, the loader made a cut 
down the beach and then excavated along the beach parallel to 
the ridge. The work was completed on June ll. 


Beach profiles 
Ten profiles were surveyed across the beach on May 21, 
June 13, July.12,and November, 11,1970. Five of these profztec. 


from the central and east sections, are presented in Figure 10. 


The "before and after" situation is given in Figure: 20e- 
and it is evident that material was removed largely from those 


areas above mean high water mark. In some places over three 
feet of sediments were removed in order to excavate the buried 
oil. Profile 6.iS an example of the removal of,the-storm rage 


crest which is well above the limits of normal wave action. 


One month after completion of the contract (Figure foe 
very little sediment replacement had taken place even though the 
rate of accretion should be at its maximum at this time of year. 
This can be attributed to the fact that the intertidal beach was 
relatively undisturbed by the machinery and that theré was no wave 
action on the higher parts of the beach during this period, 


Photograph 15 HADLEYVILLE No. l May 30:,. 197.0 


This was one of the worst parts of this beach, in the west 
section at low tide. Contaminated material has been buried and 
Subsequently exposed as layers in the beach face slope. This 
well developed beach is backed by a series of vegetated swales 
and former ridges. 
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Few changes took place in the fall and the November 
profiles (Figure 10d) record little significant is enoctonsc. 
accretion except for the presence of some small ridges near the 
high water mark. As most of the excavation took place above the 
intertidal zone, the profile changes on the lower part of the 
beach are probably due to normal variations in response to the 
littoral processes. 


Effectiveness and results of operation 


a) In certain sections where the contaminated material was 
buried, removal of large volumes of sediments is very 
inefficient. Of the total amounts excavated, only a small 
percentage of the material was contaminated (Section 5.2). 
There is no adequate method for mechanical cleaning of 
beaches where oil is buried. 


b) Contaminated material was still evident after the contract 
had been completed. The oil on the cobbles acquired a 
surface coating of fines which were easily knocked off or 
washed off by wave action. 


c) Unlike Arichat, Blackduck Cove ior Indian Cove this beach 
was not paralyzed and normal beach processes were active. 
Wave action will succeed in cleaning the beach where 
machinery can only be used to remove large portions .Of the 
beach. (This situation is similar to Half Island Cove.) 


dad) The use of a bulldozer to pile up material for removal 
mixes clean and oiled material. This does not contribute 
positively to the clean-up operation. 


e) It is unlikely that removal of sediments would have any 
long-term adverse effects on this beach provided large 
volumes are not removed from any one location. This 
should not detract from a critical analvsis of tne 
Operation which was basically an inefficient way of 
dealing with the problem. Mechanical methods are not 
Suited to this type of cleaning. Natural processes 
are more effective and less costly. 


6.4.6 Other Contract Beaches 


Moose Bay 


This large cobble beach and spit complex on the west 
coast of the Bay is one of the most impressive coastal features 
of the area (Photograph 16) (Johnson, 1925). ‘The westsiei..o. 
this beach was restored manually (Photograph 2) while the eastern 
5,000 feet” were put out to contract for machine work. 


The problems which were faced in this area were similar 
to those of Half Island Cove and Hadleyville No. 1 as the oiled 
material was deeply buried and in order to remove it, several 
feet of sediments were excavated. 


o7 


Photograph 16 MOOSE BAY May 297 L970 


Air view of the east end of Moose Bay at mid tide. The 
bedrock island of Ragged Head, lower right, is connected to the 
mainland by a double tombolo. This is the western of the two 
arms and it gives way to a wide, long beach. 

The eastern limit of the area which was later restored is 
indicated by an arrow. 
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The initial attempt at manual cleaning was not 
continued to the end of the designated section because of the 
expense, which was double that for machinery on a cost per foot 
basis. The manual method is less harmful to the beach as little 
uncontaminated sediment is excavated. Although this approach 
does not lead to the removal of all the oiled material, 
mechanical methods are little better as there is no suitable 
equipment available. 


Hadleyville No. 2 


This beach is distinguished from Hadleyville No. 1 as 
it is a separate coastal unit to the east of the area discussed 
above (Section 6.4.5). This beach area is little different from 
Moose Bay or Hadleyville No. 1 but is included as an example of 
the types of contamination which were experienced in the operation. 


At the west end of this cobble beach oil had been 


reworked, buried, and subsequently exposed (Photograph 4). In 
the central area, a carpet of thick oil up to 15 feet wide was 
left above the limits of normal wave action (Photograph 6). At 


the east end of the beach cobbles gave way to coarse sand and 
here the oil remained as large discrete pans above the high 
water line (Photograph 3). 


This area is a valuable example of how to deal with 
different situations using the methods available. 


a) The type of beach contamination in the west 
section represents a situation which is best 
left alone unless urgent requirements 
necessitate action. The waves had removed 
most of the surface oil by reworking and 
burial and the beach would continue to clean 
itself as this is an exposed beach which 
receives the full force of storm and swell 
waves from the east. To remove the 
contaminated material completely would 
require deep excavation which is harmful 
to the beach equilibrium and at present 
would be an inefficient method as no 
equipment is available which will remove 
all oiled sediments from cobble beaches. 


b) The thick cover of oil above the high water 
mark could be removed by a carefully 
Operated front-end loader which has been 
shown to .be.effective. an, thas. type of 
Situation (Section. 6. 4293) .,.No. attempt 
Should be made to remove the other sediments 
which have been reworked or buried by the 
waves for the reasons outlined above. The 
action taken would merely be to remove the 
surface layer of oil which has effectively 
paralyzed that section of the beach. 
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Cc) The large pans of oil on the surface of the 
sand can be removed manually, as these are 
easy to pick up with a shovel. The use of 
men rather than machinery is recommended, 
as the spillage from the equipment could be 
Grovund andsmixed with clean sand. Any oil 
which is buried will be reworked by waves 
as it is exposed during the winter months. 
Should some of this be left on the beach the 
following summer, pickers:could again restore 
the contaminated areas. 


Eddy Point 


This foreland is made up of two cobble beaches which 
enclose a fresh-water lagoon on a shallow offshore platform 
(Photograph 17). According to local inhabitants the north-west 
shore is retreating at a rate of nearly one foot per year and as 
the upper part of this beach was covered with a continuous layer 
of oil, it was decided that this would be removed and then 
replaced with clean rip rap to serve as protection against any 
possible erosion resulting from sediment removal. 


Profiles 1, 3, and 5 in Figure llb were surveyed across 
this beach and show the effect of the restoration programme. 
mrong the Soutn-cast-iimb Of the foreland, the profiles 7, 9, 1l, 
and 13 in Figure 11b show how the removal of buried oil led to 
excavation in the zone above high water mark, the area where beach 
replenishment is least active. 


Subsequent surveys in July and November (Figures llc 
and 1lld) indicate that no significant replacement had taken place 
on the north-facing beach and by November the beach had lost what 
little sediment had built up immediately following restoration. 
Profile 7 was levelled across the point of the foreland, which is 
the most mobile section of this feature, and the loss of material 
is probably the result of normal processes rather than the 
contract work. On the steep south-facing beach some build up had 
taken place along the high water line but this has not been 
Sufficient to return the beach to its previous level. 


peep Cove 


Following the initial work on this beach (Section Gaul.) 
further removal of contaminated sediments was carried out in June 
On the seaward side of the bar and in the lagoon. An angle-blade 
bulldozer was used in the lagoon area to remove the surface oil 
but the vehicle tracks acted to grind in the oil which had been_ 
buried. Although the machine was relatively efficient in scraping 
the surface, it did not affect the oil which was interbedded with 
the silt and mud except to mix it to a depth of several feet. 
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Photograph 17 EDDY POINT June 12, 1970 


Air view looking north. The lagoon is fresh water and rarely 
breached by the sea. The contract limits are given by the 
arrows. 
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The bar beach was restored again and material was 
replaced to prevent any major damage to this sensitive feature. 
Unfortunately the replacement sediments were taken from the spit 
WHLCMTenclLosedstnes  agoon and the Cutinto., the ‘spit which 
resulted will not be filled by natural processes as it is not in 
the active beach zone. 


When this location was revisited in November it was 
evident that waves had washed over the road on the crest of the 
bar. Whether this would normally occur is not known but even if 
Pais eis “the case, chiere 15 clearly a serious; danger that the bar 
could be breached. On such an unstable beach any interference 
with natural processes may easily accelerate erosion. Some 
rip rap was replaced in one section of the bar and this may help 
protect this part of the beach. 


Walkerville 


Several contracts were given to restore the paralyzed 
beaches in the sheltered areas of the north shore. One of the 
problems in this area was that oil was continuously moving 
alongshore from other contaminated areas. 


This beach section near Walkerville on the north coast 
of Inhabitants Bay is in this sheltered area and has a very thin 
sediment cover which overlies a till platform and is backed by 
low till cliffs. The surface layer of cobbles was paralyzed by 
the oil and was removed by a bulldozer and a tracked front-end 
loader. This action exposed the fine, till-derived, sediment 
which overlay the bedrock and clean and contaminated material 
were mixed by the churning of the tracked vehicles (Photograph 18). 
With the removal of the surface layer of large material, the fines 
were removed by wave action. 


In a situation like this it would have been preferable 
to rake over the paralyzed sections so that the beach material 
would be made mobile. Removal of sediment is harmful as the 
supply of cobble size material is very limited and erosion of the 
till platform and backshore may result from the loss of the 
protecting beach apron. 


6.5 Summary 
6.5.1 Sand Beaches 


a) On lightly oiled sand beaches self-cleaning will take place. 
If restoration is necessary the manual removal of contaminated 
material with shovels and rakes is very efficient and 
effective, as this method does not involve the removal of 
large volumes of uncontaminated sediments (Section 623)4 
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AT [5/96 


Photograph 18 WALKERVILLE June, 22,5 Lo 7G 


This beach on the sheltered north shore of Inhabitants Bay 
has had its thin surface layer of cobbles removed. This has 
exposed a wet layer of fines about three feet deep. These 
clean sediments have been thoroughly mixed with contaminated 
material by the tracked bulldozer and front-end loader. 


b) 


Cc) 


d) 


oy) 


d) 


e) 


f) 
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TeMEnesbeach wus heawilysoiled.and :restoration is essential, 
a well-operated, wheeled, front-end loader which can cut 
under the oil is an efficient method of removal. The aim 
Oe Re machinen.opescatbOoRsshouldsalways. be ('to,lift. material 
in small quantities rather than push it forward and fill 
the bucket. There will, however, be spillage which can he 
removed manually. No beaches in this area were suited to 
the use, of) graders. 


Sand beaches can be cleaned for recreational purposes as long 
aS ACTOS m0 danger of secontamination (Section.6.4.2). 


Where machinery 15 working an the beach zone it is important 
to prevent damage to the backshore vegetation as this could 
eaSily lead to blow-outs. 


6.5.425-Cobble.and Shingle Beaches 


Natural processes are effective in cleaning this type of 
beach unless wave action is limited and/or pollution is very 
Neavyy. Paralyzed beaches are by definition inactive and 


there is little welf-cleaning at these locations. (Section 5.2). 


It was found that cobble beaches could not be cleaned for 
recreational purposes with the methods available. Machinery 
alone could not remove all of the contaminated material. 


Where oil lies on the surface of a beach it can be removed 
efficiently by a well-handled, wheeled, front-end loader 
(Section 6.4.3). Even in these situations there is spillage 
from the equipment but this could be picked up manually. 


A lightly oiled or reworked beach with buried o01il can only 
be restored by excavation methods. This often involves the 
removal of 3 to 5 feet of sediments and these-are usually 
taken from those areas above high water mark where natural 
replacement is slowest (Section 6.4.5). If the storm ridge 
or beach crest is in any way lowered, attempts should be 
made to replace all the excavated material (Section 6.4.6). 


Local contractors have been removing beach material for 
construction purposes on several of the beaches in this area 
for a number of years. The beaches do not seem to have been 
damaged, as far as is known, but the long term effects are 
nNoteanderstood so sthat this activity, should not) be used-as 
an argument for large-scale beach excavation. The lesson 
from Hallsands is an important one (Section 4.2). 


Where oil is buried in the beach it should only be removed if 
it is absolutely necessary. The low amounts of oil in these 
reworked sediments, often as low as 10 parts per million, 
mean that large volumes of material are removed for very 

Pitt be oil. 
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Mechanical restoration is best applied to the situations 
where oil is on the surface or where the beach zone is 
paralyzed. / Invthe -case*er the latter, -tnesopyect “or 
restoration should be to remobilize the beach so that normal 
self-cleaning can be effective, rather than attempt to clean 
it by excavation “(Section G.7424")*. 


6.5.3 "RecontaminatLon 


No beaches should be cleaned if there is a danger of 
recontamination. This was evident in the instances where 
re-excavation was necessary (Section 6.4.3). 


It is not recommended that a contaminated shoreline be 
cleaned in sections as reoiling is likely unless the beaches 
can be protected or the adjacent oiled areas stabilized. 
Recontamination is usually light but is nevertheless 
undesirable. 


6 25.4 Machinery 


Earth moving equipment is designed to excavate or remove 
large volumes of material and operators are trained to carry 
out this type of work. “In -order to use machinery for 
restoration purposes, time must be taken to train and 
Supervise the operators so that they meet the requirements 
of this more delicate type of operation. 


Mechanical methods were found to be useful to remove surface 
Oil from beaches and to remobilize paralyzed beaches. In 
the latter case; reworking of sediments rather 'than-removal 
is more applicable. In particular, a well-handled, wheeled, 
front-end loader was found to be efficient to remove surface 
Oil from cobble beaches (Section 6.4.3). 


Bulldozers were not satisfactory for restoration work, 
particularly the large 100 to 120 fly-wheel horse-power 
machines which were awkward to handle in confined areas. 
Spillage from the blade and grinding by the tracks were the 
major defects of this equipment, the same being true for all 
tracked vehicles. 


Material which is to be removed should be lifted directly 
from the beach. If it is piled up and later removed this 
doubles the’ chances’ of ‘spi ltage, ‘and furthen mixing wren 
clean sediments takes place. 


None of the machines were able to operate adequately on soft 
mud’ or! salt-areas.° Even if traction was’ maintained this ted 
to grinding and mixing to depths as great as’ four “feet 

(SEG ron! 6tP4). 27)*. 


a) 


b) 
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6.5.5 Beach Profiles 


Accurately surveyed profiles across beaches are a valuable 
tool in establishing short and long term changes in the 
character of the beach as well as showing the immediate 
effects of excavation. 


The profile of a beach varies with each tidal cycle so that 
care must be exercised in isolating long term changes. 
Meaningful analysis requires a set of observations over a 
Derrod-ot-noc less than a year.” ‘The results of the 
continuing survey programme on the Chedabucto Bay beaches 
will be reported at a later date (Owens, 1971b). 
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7. DISCUSSION 


7.1 Selection of Beaches for Restoration After a Spill 


In coastal areas affected by an oil spill, the 
decisions related to beach restoration should be based upon 
geological, wildlife and socio-economic factors. In the first 
instance, those shores which would require cleaning for tourist 
or other economic reasons should be established. The decision 
as to whether these beaches should be cleaned and the methods to 
be used would then be related to geological criteria. In certain 
instances, natural self-cleaning may be the acceptable solution; 
elsewhere the use of manual or mechanical methods may be required. 
Where cleaning is to be carried out, it is necessary to assess 
any possible adverse effects which this action could precipitate. 
For example: 


1) removal of large volumes of material in 
an area of limited sediment supply could 
seriously affect the stability of the 
beach and backshore zones. 


2) bars or lagoons could be breached by the 
disruption of the local shore environment 
aS a result of sediment removal in 
particular localities. 


3) destruction of backshore vegetation, 
particularly in sand areas, could, lead 
to blow-outs and aeolian erosion. 


In all instances, the possibility of upsetting the 
delicate balance of the shoreline must be considered when 
assessing the socio-economic requirements, for in most instances, 
natural self-cleaning is more effective and is more desirable 
from the geological viewpoint. Certain shores such as rocky 
cliffs or shingle ridges are virtually uncleanable unless 
dispersents are employed, and in these areas piecemeal restor- 
ation of some beaches should be considered in the light of 
recontamination from the alongshore areas which would not be 
cleaned. 


The system of rating which was used for the selection 
of beaches in this operation is one based solely on recreational 
Capability (Anon., 1967). This was the only available information 
on the beaches of this area but was not a rating based on 
applicable criteria. Moose Bay has been given, for example, a 
"2" rating but is in fact used only by members of the small local 
community. The same rating was given to Point Michaud which is 
completely different geologically and very popular as a picnic 
and bathing beach. Distinction between different types of beaches 
for restoration is best defined by the actual recreational use, 
wildlife considerations, socio-economic factors, and upon 
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geological characteristics such as material size, sediment 
supply, sediment movement, and wave energy conditions. With 
this in mind the selection of beaches for restoration should be 
based on: 


a) Does the beach need to be restored? 
b) Can the work be done effectively 
without damaging shoreline stability? 


THeSe=asSpDeCUS7zOr  the-1restoraclon project could be 
discussed in a regional study (Section 7.2) and once the 
priorities have been outlined they would only require minor 
modification according to the actual seriousness of the 
contamination on given shores. 


7.2 Regional Coastal Studies 


The correct assessment Of areas to be“restored and the 
methods to be used requires an understanding of the coasts 
involved. To date, only a few small sections of Canada's coast, 
which is the longest in the world, have been investigated 
geologically and geomorphologically. Should future restoration 
projects be necessary, this means that at least reconnaissance 
Surveys would be required before planning the operation. Such a 
survey should be able to provide a detailed outline of those 
sections of coast which would require restoration, on a priority 
basis, according to the character of the shore and economic, 
social, or wildlife requirements. 


The shoreline of Chedabucto Bay had been reviewed very 
briefly by Johnson (1925) but until field investigations were 
@errtea out during this operation, this’ was the total available 
information on the coastal environment. Some basic research on 
the nature of Canada's coasts must be regarded as a necessity for 
Pacure operations. ~This information would also greatly benefit 
tourist and conservation programmes. 


The coasts of western Europe and the United States 
have been studied at least at the reconnaissance level so that 
restoration projects in these areas have benefitted from the 
existing storehouse of information. Studies of this nature could 
be carried out readily in Canada, at least for the areas where 
Spills are likely, by the use of aerial photography, topographic 
and bathymetric maps, with additional field work for areas 
requiring more detailed study (Owens, 197la). The investigation 
of Canada's shoreline has been neglected and this operation has 
Seeught to light the lack of even the most basic general studies 
in this field. 
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7.3 OLlLsonsArctic Beaches 


The arctic beaches are in a low energy environment 
where the intensity of wave and ice action varies with location 
and exposure (McCann and Owens, 1970). If oil were to pollute 
these coastal areas, the natural self-cleaning processes would 
act on a greatly reduced scale when compared to the exposed 
beaches of Chedabucto Bay. A more valid comparison would be the 
sheltered environments of the lagoon at Blackduck Cove or the 
beaches of Inhabitants Bay where wave action is very limited. In 
these areas it is expected that the oil will persist for several 
years before it is degraded by natural processes. 


The lower energy conditions in the arctic mean that 
waves and wave-induced currents are relatively less effective in 
moving pebbles and cobbles when compared to lower latitude 
shorelines and this results in less transport and abrasion within 
the beach zone. Contaminated beaches would be cleaned only very 
Slowly by this action and as there is less movement and 
redistribution it would be very easy for the littoral zone to 
become paralyzed. 


If beach restoration is required in an arctic area it 
is important to consider that replenishment of a beach by natural 
processes takes place at a slower rate than in lower latitudes. 
Therefore, even if a beach appears to be building up, it may take 
a long time for any losses to be replaced. A documented example 
of the removal of beach sediments in an arctic location is given 
for the Point Barrow, Alaska area by Hume and Schalk (1964). It 
is reported that, as well as producing a shoreline retreat of 10 
feet in 12 months, the lowering of the beach allowed ice floes 
to advance further inland and nearer shoreline installations. 
This mechanism of ice pushing up the beach is common in polar 
regions and such action would likely damage or destroy any fixed 
object in 34s patn. 


Although wave action is restricted in the arctic 
environment, ice may play an important role in reworking the 
contaminated sediments as broken ice is moved within the littoral 
zone (Owens and McCann, 1970). This would act to reorganize the 
Oil and beach material but would do little to clean the beach. 
Biodegradation is particularly slow in this environment, so that 
the oil on a beach would be expected to remain much longer than 
in more temperate areas. 


7.4 Concluding Remarks 


The coastal zone is an extremely complex environment, 
being at. the interface, of. land, sea. and, air... Thesprocesseae cH 
Operate within this zone are numerous and not fully understood. 
Any one segment of coast is the result of a series of inter- 
actions which involve a great number of variables and should any 
one of these wariables, be altered significantly, this mey lead to 
a trend towards a different equilibrium situation which will 
Satisfy the new process demands. 
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Although the coast is largely a response to the active 
processes of winds and waves, its form and nature closely affect 
these processes. Beach slope, material size, and sediment supply, 
for example, are critical factors in assessing longshore movement 
gaa sbeacit mOouriShient 1. The construction of -groynes, jetties and 
other harbour facilities has led, in the past to unexpected 
alterations of the adjacent coast due to the generation of new 
anda the adjustment Of existing processes, resulting in a 
different process-response environment. A great deal of research 
has now been carried out in this area and coastal engineering is 
regarded as a field of study in its own right. In general, work 
has been concerned with the construction of artifical shorelines, 
but outside of a few isolated examples little is known of the 
effects of sediment removal. In one documented case, referred 
to earlier (page 17) beach material was used for construction 
purposes and this was followed by a shoreline recession of 20 
feet in 50 years. This example is in an area where there is no 
present-day supply of sediment. The beach, once deprived of 
sediment, could not be replaced and this "demonstrates most 
effectively how dangerous it is to tamper with a beach, how 
wrong it is to make assumptions about the drift of beach material 
without a full investigation and how important it is to study 
each part of the coast intensively and not apply general ideas 
too readily." (Steers, 1964). 


Regional studies of Canada's coastline should be 
undertaken to determine the features and character of different 
shoreline units. A knowledge of our coasts is essential if 
adequate contingency plans are to be formulated. During 
restoration projects, geologists should be consulted to assist 
in the planning and operation of programmes in order to take into 
account local shoreline and beach conditions. In particular, 
the selection of beaches to be restored and the application of 
the various restoration methods should be carefully considered. 


The role of the coastal geomorphologist or geologist is 
to make the planners aware of the possible effects of a beach 
restoration operation. Detailed analysis of a shore area requires 
time, particularly to determine seasonal as well as long term 
changes. For this reason, the preparatory work necessary for the 
provision of adequate information for decision making, should be 
Bercied out before a spill occurs. If this type of research is 
Bomwmindertaken, it will be possible to provide only a cursory 
assessment of the coastal environment based on a qualitative 
Meagement ...The function of the geologist in this type of 
operation is a very important one, but one which should be ahead 
of, as well as working within, the operation. 
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Forward 


The concept of zero-padding was first introduced in 
computation of correlation functions via the Fast Fourier 
Transform. However, its use in the contexts described in this 
report has not been discussed in any publication known to the 
authors. 


Abstract 


A simple method of data modification is described 
which in conjunction with the Fast Fourier Transform provides 
economically a detailed picture of the frequency content of 
a sampled time signal and thus improves the accuracy with 
which the positions of spectral peaks can be determined. 

Also discussed is the use of zero-padding in the accurate 
computation of Fourier transforms of functions which are 
non-zero over a finite interval. 
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Improved Spectral Peak Determination 


This note describes a method for facilitating the 
accurate determination of the frequencies of periodic 
components in oceanographic records. In theory, such 
frequencies can be found to any specified degree of accuracy 
by identification of peaks in spectra computed from 
suiLtaciently Jong records, but in practice, the available 
records may be relatively short. Record length may be limited 
by simple logistic considerations, such as availability of 
ship time. Other constraints on record length which the 
writers have encountered are 
a) in computer simulations of certain problems in fluids 

(for example, resonance studies of coastal bays and inlets), 
accumulation of round-off error acts as 'noise' which 
swamps the computed record if the computation is continued 
LOr ‘too long; 

b) in determining components which have periods of the order 
of 10 years or more, practically all the reliable 
quantitative records available are relatively. short; 

c) in calculating local values of period for phenomena with 
slowly-varying frequency, records are divided into short 
lengths in each of which the period is assumed to be 
approximately constant. 

When discrete spectra are calculated from relatively 
short time records, accurate determination of peaks presents 
two difficulties. Firstly, the frequency resolution may not 


be sufficient to separate components whose frequencies differ 


only slightly; Nothing but Use Of Tonge PeCOrgoe ean toca, 
this problem: The second difficulty, the Solulionm oF wach 
is discussed here, is that points in the computed spectrum 
are normally too widely spaced to outline peaks adequately. 

As an illustration, consider the time record shown 
in Fig. l(a), which consists of four periodic com -onenra co. 
equal amplitudes and of frequencies 3.0, 5.5, 15.0 and 15-5 82; 
the spectrum of this signal is shown in Fig. 2(a). Suppose that 
in practice .only 16 “portion or this Yecora, such 22 tao. 
length T in Fig. 1(6), is available for analysis. The Geer 
approximation to the true spectrum (Fig. 2(a)) which can be 
obtained from this truncated record is shown in Fig. 2(b). 

This represents the convolution of the true spectrum with the 
Fourier transform of a rectangular function of length T through 
which, in effect, we view the original record (Jenkins and 
Watts, 1969). It will be noted that the frequencies at which 
peaks occur in the 'smeared' spectrum, Fig. 2(b), agree well 
with those of the periodic components shown in Fig. 2(a) except 
for the 15.0 and 15.5 Hz components which lie too close together 
to be separated with the resolution (Af = 1/T = 1 Hz.) 
attainable with record Fig.) (i). 

Since Af = 1/T is the finest spacing at which inde- 
pendent spectral estimates can be formed from a record of 
length T, practically all conventional algorithms available 
for computing spectra from sampled data are so arranged as to 
give values of the spectrum at points Af apart. Consequently, 
when the record Fig. 1(b) is sampled, the discrete spectrum 
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Since the component periods are unknown, the 
coincidence of a sample point in Fig. 2(c) with a peak in 
Fig. 2b), as happens at 3)H2, 15 sccicental ani in general 
peaks in Fig. 2(b) are often poorly defined by the widely 
spaced sample points in Fig. 2(c). For instance, it can be seen 
from the neighbouring sample points that the second peak in 
Figs, 2(b) Liespin -the iatervnl 8.25 to 8. 7> HZ beets precise 
location is hard to judge. However, the situation would 
obviously be improved if the number of samples could be 
increased, say for instance doubled as in Fig. 2(d), where the 
points are Af/2 = 1/2T apart. Here the position of the second 
peak is far better defined. 

The values needed for the improved plot, Fig. 2(d), 
can be found in two ways. Firstly, instead of using a standard 
Fourier transform algorithm to compute the N values in Fig. 2(c) 
according to the formula 

N<£ 


(1) S(n.Af) = At. = x(j.At) e 
4=0 


pe cnet od eed: 


where i= 4-1 and x(j.At), j=0,...,N-l1 are the sampled values 
taken from the record, Mag. 1b) ~ it 48 poesible = —o write 2 
special-purpose algorithm to calculate the 2N points in 


Fig. 2(d), which are given by 


—20i Tis 2 


(2) S (Mee). p= Ato we Miaeheyie m=0,) «0s }2N=a: 


A simpler method of achieving the same result without 
Special programming is to atlgment the record in Fig. tippers 


that shown in Fags (cc) by adding an eotial lengta or vies 


record, then sampling at intervals At as before and performing 
the standard discrete Fourier transformation on the 2N data 
points thus obtained. The spacing of points in the computed 
spectrum 1s’ governed’ by the ‘augmented record length 2T and so, 
in this case, is equal to 1/2T = Af/2 as required for ig 2 a Cay. 
OF course; tthe’ samples x'(j AG), SEN, £2 0,2N-bD*are'all -zero and 


consequently the standard Fourier algorithm in this case gives 


2N-1 ~ 
s(m. 95) = De er kel jie Sap aay 2 (by analogy with 
j=0 equation (1)) 
N-1 | - 2N-1 i: 
(3) Pease FN eS IN one oe Se ey we pe 2TLim/ nN 
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Thus, the values computed in this manner are identical with 
those given by (2). Essentially this second method of obtaining 
the points in Fig. 2(d) involves data modification, whereas the 
first method involves modifying the Fourier transform algorithm. 
Without question, modifying the data by simply adding zeroes is 
the easier technique in practice. 

The process of augmentation can be continued indefin-~- 
itely. For instance if the augmented record in Fig. 1(b) is 
augmented to double its length by the addition of a further 
length 2T of null record as shown in Fig. 1(d) and then sampled, 
the corresponding computed spectrum is as shown in Fig. 2(e). 
This has double the number of points in Fig. 2(c) and gives an 


even better representation of Fig. 2(b). Doubling the record 


length at each stage is the most natural choice, if, as) is 
normally the case, a Fast Fourier Transform with radix 2 is 
used to compute the spectrum. 

When records are augmented by zeroes, the use of 
weighting, for example by means of a Hamming data window, 
is to be recommended. This does have the disadvantage of 
increasing the effective filter bandwidth, that is of 
broadening each peak in Fig. 2(b), but its main effect, 
reduction of the noticeable side-bands associated with the 
peaks, iS particularly desirable with augmented eeconds, 
Since otherwise the increased number of spectral points shows 
up every Side-band to full effect. The data window should be 
based on the original record length rather than on the length 


of the augmented record. 
Application to Finite-Length Functions 


It 1S sometimes necessary to compute accurately the 
Fourier transforms of functions which are known to be zero 
outside a certain specified range. If the Fourier transform 
is computed in the most obvious manner by uSing samples of 
the function taken only in that part of the range where it is 
non-zero, the result may be seriously misleading. A good 
illustration of this difficulty occurs when it is necessary 
to obtain the Fourier transforms of so-called '‘data-windows' 
(Jenkins and Watts, 1969), for instance, the rectangular or 


boxcar data window: 


f(t) S17; || <5 
- fh 
= 0 PES 5 
shown in Fig. 3(a). The continuous Fourier transform of this 
function is 
y 
F(w) = 2 sin (S wT) /w 


which is shown in Fig. 4(a). 

If the Fourier transform of this window or some more 
complicated finite-range function has to be computed from 
sampled values rather than analytically, the simplistic 
approach would be to use only samples from within the range 
where the function is non-zero. Suppose for instance that 
the Fourier transform of the rectangular data window is 
computed with a conventional algorithm using the equi-distant 
samples shown in Fig. 3(b). The resulting discrete Fourier 
eransiorm is shown in Fig. 4(b).. There are two different 
but equivalent explanations of why Fig. 4(b) is such a poor 
representation of the true Fourier transform, Fig. 4(a). These 
are 

a) the interval (1/T) between the computed points 

shown in Fig. 4(b) is determined by the length 

of record in the time domain, in this case T, 

on which the computed transform is based. 
Unfortunately, apart from the point at w = 0, 


the computed spectral points coincide with zeroes 
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OL) tie true spectrum VE (a) = 2 sin(S WT) /w. 
b) The fact that only a zero-frequency component is 
Poumon) the. computed transform (Fig..’ 4(b)) implies 
that the corresponding sampled function in the 
time domain is constant over -~ < t > ©. Thus 
it appears as if the original rectangular function 
OL Fig..3(a) isin effect repeated at intervals 
teatiealong the jime axis as shown in Fig. 3(c). 
Preece this Cyciac repetition. of the original 
sampled function is an inherent property of discrete 
Fourier transforms. It may be noted that the 
repetition interval is equal to T, the length of 
record on which the computed transform is based. 
A better representation of the true Fourier transform, 
Fig. 4(a), can be obtained by zero-padding. For instance, in 
Fig. 3(d), where the original samples are augmented by an 
equal number of zeroes, i.e. increasing the effective record 
fengthytrom T)to 2m, theeesulting computed Lee mate Ls that 
shown in Fig. 4(c). Since the computed spectral values are 
now spaced 1/2T apart, a much better representation of the 
true spectrum is achieved. Fig. 4(d) shows additional 
improvement obtainable by further zero-padding, the case 
illustrated corresponding to an effective record length of 4T. 
This shows, in terms of interpretation a), how zero-padding 
can be used to improve the poor definition in Fig. 4(b). 
inpeer mevotanterpretatuon, b>) ; the effect of zerom 


padding is to increase the interval at which the original 


10 


function is repeated along the time axis. For instance, when 
the sampled rectangular window of Fig. 3(b) is padded with an 
equal number of zeroes as shown in Fig. 3(d), the corresponding 
cyclic time function implied under interpretation b) is that 
shown in Fig. 3(e). Since in the limit, when the number of 
zeroes added is increased indefinitely, the spacing between 
repetitions of the original function becomes infinite and hence 
the implied cyclic function is identical to the original 
function. It is reasonable to expect that even a lesser degree 
of zero-padding will result in some improvement over the 
unpadded case. 

In conclusion, it can be seen that zero-padding 
essentially results in a legitimate form of interpolation 
between the coarsely-spaced spectral points obtained by 
straightforward computation of the discrete Fourier transform 


of the original sample points. 


Reference 
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. lew» Introduetion 


This work represents a step in the development of 
those oceanographic data observed in and near the Canadian 
Arctic archipelago (Fig. 1) during the years 1960, 1961 and 
1962 (Table 1); a presentation of part of the 1960 observ- 
ations is in preparation. In the latter work it is emphasized 
that the data exhibit considerable variability, most of which 
is believed to be real. No change in this consideration has 
occurred and for this reason a separation by year for the 
presentation here has been maintained. It may be that with 
increased understanding a significant integration of such 
data will become possible. 


In 1961 the distribution of stations occupied 
north of Foxe Basin and Hudson Strait* was uneven (Fig. 2), 
but was much better than usual from Barrow Strait and Smith 
Sound to Davis Strait. On this account it was decided to 
limit the presentation here for the 1961 data to the latter 
area. Similar consideration of the 1962 station distribution 
(Fig. 3) led to a more widespread presentation which includes 
most of the data (Table 1) north of Foxe Basin and Hudson 
Strait. Other presentations of portions of the data of 
Table 1 include a heat budget for Barrow Strait (Huyer and 
Barber, 1970) and a fresh water budget for the Gulf of 
Boothia (Huyer and Barber, 1971). Ford and Hattersley- 
Smith (1965) utilized the data observed in Nansen Sound 
in 1962 in CCGS "John A. MacDonald", while Milne, Herlinveaux 
and Langleben (1962) and Milne (1963) reported on the 1961 
ICE PACK observations and on that portion of the 1961 CCGS 
"Labrador" data in M'Clure Strait respectively. 


Data from three of the 1962 "Labrador" stations in 
Smith Sound (consec numbers 1 to 3) were utilized by Collin 
(1965 p8) in a determination of the volume transport through 
Smith Sound and data at "John A. MacDonald" 1962 station 
(consec number 57) were presented by Palfrey (1968 p57). 


More recently Muench (1971) in a detailed examination of 
northern Baffin Bay utilized most available data including 
those for 1960, 1961 and 1962. 


2. Method 


The plotting sheet used (CHS 750) was derived from 
chart 7000 titled "Arctic Islands" and was provided in quantity 
by the Canadian Hydrographic Service. In the preparation of 
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*Data obtained in 1961 in the Hudson Bay system have been 
reported (Anon., 1964a; b). 


Year 


1960 
1960 


1960 


1961 
1961 
1961 
1961 


1961 


1962 
1962 
1962 
1962 
1962 


1962 


*Polar Continental Shelf 


Table 1 


A listing of the relevant data for 


1960, 1961 and 1962 indicating the 
year obtained, name of ship, Cruise 
Reference Number and a literature 

reference to the data if available: 


Ship 
"Westwind" 
"Theta" 


"Labrador" 


"Edisto" 
(ICE PACK) 


(PCSP) * 


"John A. MacDonald" 


"Labrador" 


"Atka" 


"John A. MacDonald" 


"Labrador" 
(ICE CAMP) 
"Salvelinus" 


(land-based) 


I a | 


363,4,5,6,7 


Project 


Reference 
Anon., 1964c 
Anon., 1964d 


do 


Herlinveaux, 1961 


Anon., 1966b 


do 


Anon., 1966a 


Anon., 1967a 


Herlinveaux, 1963 


Anon., 1963a 


Anon., 1963b 


the sheets the data were placed beside the appropriate station 
in blue ink* and the sheet subsequently became the final line 
drawing. The values were derived from individual station 
graphs of each variable against depth using available 
bathythermograph data and T-S diagrams where appropriate; 
interpolated data of the data records were not used. 
Occasionally, it occurred that some of the tabulated values 

of the data records did not fit the overall interpretation. 
When these appeared anomalous, an attempt was made to determine 
whether they were real or due to blunders. In only the two 
instances below was it possible to find definite errors: 


Sal Temp 
CRN Consec Depth Correction Justification 
362 4, 20 0.36 bathythermogram shows 
positive temperatures 
above 50 m. 
359 7 10 22.376. 1289 inadvertantly omitted 


from data record. 


In some instances it seemed almost certain that a blunder 
had occurred and here the values were "corrected" or 
deleted. These are shown in Table 2, which includes a 
statement concerning the basis for the suspicion. It is 
realized that these alterations are largely a matter of our 
interpretation. 


The contour interval is indicated on each 
distribution. A dashed contour represents one additional 
to the interval indicated there, while a dotted contour 
indicates that the configuration is in doubt, because 
either the interpretation or the observation is in doubt. 
Many of the 1962 stations were located within the archipelago 
and in contouring in this area it was assumed that there 
was continuity in the particular distribution in spite of 
the barriers posed by the islands. For this reason, many 
of the contours initially extended across these land areas 
and subsequently had to be removed. 


3. Data 


It appears that the 1961 salinity determinations for 
each of the three ships were carried out with conductivity 
bridges after completion of the field work. The "Edisto" 
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*In many of the figures the values so placed are still 
visible. 
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362 


Table 2. 


Consec 


L3 


18 


33 


37 


39 


41 


Suspected errors in the tabulated 


values of salinity and temperature 


in two of the data records for 1962. 


Depth 
(m) 


_ Correction 
Sal Temp 
(9700) (2e)} 

2an3 08 

33.690 

29.690 

B01 30 

delete 

delete 

delete delete 

delete delete 


delete delete 


29424 
31020 
34:1. 70 
31411 


26260 
26700 


delete 
delete 
delete 

31146 

31176 

delete 

33480 

33553 

32600 

32839 
0.54 


Justification 


strong density inversion. 
strong density inversion. 
strong density inversion; 


correction not obvious. 


strong density inversion; 
correction not obvious. 


density inversion and 
somewhat low temperatures. 


slight inversion where 
strong gradient expected. 


a number of density 
inversions. 


strong density inversion. 


density inversion. 
density inversion. 


bathythermogram shows temp. 
at 275 m positive and 
increasing; "Atka" station 
shows 0.54 at almost the 


same depth and position. 


samples were analysed "approximately two months after they 
had been collected", while those of "Labrador" and "John 

A. MacDonald" were not analysed completely until February 
and May of 1962 respectively. It appears likely that the 
determinations for the 1962 samples would have been carried 
out over a Similar period of time. 


The vertical distribution of salinity at about 
1150 m and deeper (Fig. 4) observed in "Labrador" in 1961 
and 1962 suggests the existence of a small systematic 
error of about 0.01 °/oo between the data of the two years. 
Consideration of the temperature data (Fig. 4) does not 
suggest that systematic differences occur in the data of 
the two surveys. 


4. Remarks 


A feature of most of the shallower presentations 
is the strong gradient in each distribution across Baffin 
Bay. The feature appears to be associated with a movement 
of a relatively low-salinity cold water out of the archipelago 
and along the east coast of Baffin Island. This is a view 
of long-standing of course, which recently received some 
additional support in a note (Huyer and Barber, 1971) about 
the distribution of freshwater within the archipelago (after 
Tully, 1958). The interpretation was based on the 
oceanographic data for 1961 and 1962 and on the distribution 
of freshwater in relation to precipitation (Fig. 7) and 
runoff (Sanderson and Philips, 1967), particularly around 
the Gulf of Boothia. 


Data on observed ice conditions during 1961 are 
available (Archibald et al., 1962) and Dunbar (1962 p5) 
remarked that, “In general the 1961 season was unfavourable 
for navigation in the Queen Elizabeth Islands". The 1962 
season within the archipelago was relatively light (Anon., 
1963c; Markham and Hill, 1963; Black, 1965; Lindsay, 1968) 
and may have contributed to higher than usual near-surface 
temperatures and greater storage of seasonal heat (Huyer and 
Barber, 1970). This situation appears to be reflected in 
those near-surface temperature data obtained in the "John 
A. MacDonald" (Fig. 13) from the Gulf of Boothia north to 
western Lancaster Sound, Barrow Strait, western Jones 
Sound and north to the vicinity of Tanquary Fiord. 


Anonymous. 
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6. ) List of Figures 


Some place names in the Arctic archipelago. 


The approximate positions of stations occupied 
in 1961 north of Foxe Basin and Hudson Strait. 


The approximate positions of stations occupied 
in 1962 north of the latitude of Hudson Strait. 
(a) Stations occupied on surveys by CCGS 
"Labrador" (Anon., 1967a) and CCGS "John A. 
MacDonald" (Anon., 1966a). (b) Stations 
occupied by five land-based parties (Anon., 
1963b), from the pack ice (Herlinveaux, 1963) 
and Onweae SULVeYy iby tUSS [UAtka's 


Temperature and salinity values at depth below 
about 1150 metres in Baffin Bay froma 
numberYof sources! The circled salinity 
values at "Labrador" stations 70 and 71 in 
1960 are believed to reflect sampling error. 


The distribution of dissolved oxygen at 100 m 
observed in "Labrador" in 1961. The 
relatively low value in the Gulf of Boothia 
(consec number 39) could be due to error. 


The distribution of the amount of fresh water. 
(a) 12961. Wb) e196 29 


Precipitation in the Northwest Territories 
(Anon., 19675). 


Part A 


The distribution of salinity and temperature 

at the surface during 1961 from data observed 
in the vessels "Edisto", “John A. MacDonald" 
and "Labrador". (a) SSailiaeaarteyes (b) Temperature 


The distribution of salinity and temperature 
at standard depths during 1961 from data 
observed in the "Edisto", "John A. MacDonald" 
and the "Labrador". Ge) AMO itity en) AAO) site 

(@), 30°m, (ad) 50m, (ep 75m. C2) 2100 ms 

(g) 150-m. ((h)) 200 m. (1):°250°m. (39), 300 mm; 
(k) 400 mz (2) 500 m.. (m) 600 m. (n). 800 m. 
(o) 1000 m. 
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Figure 10. The distribution of depth and temperature on 
a o¢ Surface during 1961 from data observed 
in “Labradoxv” 168) w27 ESO. ib 7 . GUe i hel 27 65, 
(d)...27 efOwiotay G27 She At ee sue 


Figure 1l. The distribution of depth, temperature and 
dissolved oxygen on the 34.4°/oo surface in 1961. 
(a) Depth. (b) Temperature. (c) Dissolved 
oxygen (includes 1962 data). 


Pare. B 


Figure 12. The distribution of salinity and temperature 
near the surface during 1962 from data 
observed from "John A. MacDonald", “Labrador", 
by the land-based parties and from the Ice 
Camps... ia) Pom. » (Db): LOomen 6o),020.m. 


Pigure 13; The distribution of salinity and temperature 
during 1962 from data observed on "John A. 
MacDonald", "Labrador", "Atka", and from the 
Ice Camps and by the land-based parties. 

On the distributions at 200 m and greater 

the hatched lines show the approximate limits 
of areas where the greatest depth in any 
section of the channel is less than the depth 
of the distribution. (a)e30 mar (b) 50m. 

(c) AGS mi NaDOLGOnmt £6) 04560em0,(£) 200 m. 

ig) $250 mey (RB) (200umi fide dt OOsm, (3) 500 m. 
(k)>600 m.. (1) (8000mecdm)-1000.m. 


Figure 14. The distribution of depth and temperature in 1962 
on the 34.4°/oo surface. (a) Depth. 
(b) Temperature. 
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Figure 2. The approximate positions of stations occupied in 
1961 north of Foxe Basin and Hudson Strait. 


Figure 3 


The approximate positions of stations occupied in 1962 


north, of 
occupied 
and CCGS 
occupied 
the pack 


the latitude of Hudson Strait. (a) Stations 

on surveys by CCGS "Labrador" (Anon., 1967a) 
"John A. MacDonald" (Anon., 1966a). (b) Stations 
by five land-based parties (Anon., 1963b), from 
ice (Herlinveaux, 1963) and on a survey by 


USS "Atka". 
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ARCTIC 1962 
STATION POSITIONS 
© USS ATKA (NODC 31966) 
® ICE CAMP (CRN 784) 
O LAND BASED PARTIES (CRN 363-7) 


4 
ay 


16 


SS aia ea T a iets T T 7 [o" aatag T T T T T rr T 
=0/3°C 0.0 , 0:3) |; 34.46 oo 34.50 
v ° ‘ 
’ We gem nc at nd ae 
1200 o 1 4 ote? ! e o Boot; t 
i] 
A asa v @ ® e c) 
' 
1 
1 
! 
! 
' 
= 
L ° ° 
’ . iB 
v °. as ° ° e 
v 
4 70,71 uae 
- 6 +o 
£1500 a of op tte) @ (es) eo odot 44 
n 
J 
a 
fa 
S BAFFIN BAY 
i eS - TEMPERATURE (°C) SALINITY (°/co) 
i CCGS Labrador 
2 ® 1960 
| . + 1961 8 
oO 1962 
® 4 Godthaab 1928 ° 
¥ Northland 1940 
Ase, Godthaab 
34.47 to 34.53 /oo 
oe e fe) 
7 a 
+ 2000 $f ® j ° fo) +H o 
| 
| 
; : : | 
\ 
| | 
70,71 
woe @ () ° 


Figure 4. 


Temperature and salinity values at depth below 


about 1150 metres in Baffin Bay from a number 


of sources. 
"Labrador" 


The circled salinity values at 


Starwvons 70 wand 71) dn L960 vane 


believed to reflect sampling error. 
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Figure 8 


The distribution of salinity and temperature at the surface 
during 1961 from data observed in the vessels "Edisto", 
"John A. MacDonald” and “Labrador”. (a) Salinity - 

(b) Temperature. 
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Figure 10 


The distribution of depth and temperature on a ot surface 
during 1961 from data observed in "Labrador". (a) 27.50. 
(by 2 seGu omen 27. Goe Mid) 27270. fe) 27.72 4. (Ehwdky 4. 
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Figure 11 


The distribution of depth, temperature and dissolved oxygen 
on the 34.49/00 surface. (a) Depth. (b) Temperature. 
(c) Dissolved oxygen (includes 1962 data). 
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Figure 12 


The distribution of salinity and temperature near the surface 
during 1962 from data observed from "John A. MacDonald", 
"Labrador", by the land-based parties and from the Ice 

Camps. (aj) 0 me 4b) LO mite) 2o am. 
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Figure 13 


The distribution of salinity and temperature during 1962 

from data observed on "John A. MacDonald", "Labrador", 

"Atka", and from the Ice Camps and by the land-based parties. 
On the distributions at 200 m and greater the hatched lines 
show the approximate limits of areas where the greatest 

depth in any section of the channel is less than the depth 

Of the distribution. (a) 30 m. (b) 50 m. (c) 75 m. (d) 100 m. 
(e) 150 meabf) 200 m. (9) 250 m. th) 300 m. (i) 400 am, 

(j) 500 m. (k) 600 m. (1) 800 m. (m) 1000 m. 
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Figure 14 


The distribution of depth and temperature on the 34.4°/00 
surface. (a) Depth. (b) Temperature. 
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0. Abstract 

The conical functions Kp (x) arise in many problems, 
e.g., in calculations of the effect of rotation on gravity mode 
frequencies in laboratory basins. Since the numerical values 
of these functions are not tabulated to cover all the ranges 


of interest, these were computed and tabulated here. 


1. Introduction 


The Legendre function P(x) becomes a conical function 


Kp (x) for Vv = a + ip where p is real. Usually these are 


referred to as Mehler's. conical functions with the argument 


x>l (Hobson, 1931). Hobson gives the following infinite 
integral: 
Kp (x) 2. wo TT) yh cree (1) 
O ixtichs 3) / 


However this formula was found to suffer severely 
from rounding errors for p>6 even when double precision is 


used. Hence the procedure described below is used. 


2. Mathematical problem 
For the range 1<x<10 for the argument and 0<p<10 for 


the order we used the following formula (Erdelyi, 1953). 
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The derivative of K, (x) is given by 


T 
: pam d  cos(p.log JU) 

Kp (x) tf per mas dt 
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After some algebra this becomes 


Tr, 
Ky(x) = a : SEO SEEN2 LD, + p.Sin(p. Log U) jp sass aS dt (6) 
p TI y3/2 2 
O Vx2-1 
3. Numerical procedure 


' 
The integrands of the expressions for Kp (x) and Kp (x) 


are even functions of t at both t=0 and t=1. Hence the end 
corrections for the trapezoidal integration rule will be 
identically zero, as these corrections consist of odd 
differences only. The simple trapezoidal rule was used here 
to evaluate both K,(x) and Ke Go. 

We found it necessary to use a different number of 


points for different ranges of the argument to obtain twelve 


digits after the decimal point. 


1<x<4 nO. Ofspoints 100 
4<x<8 200 
8<x<10 300 


For x=l1 the formula (6) for Rp (=) has a pole and 
hence cannot be used. In this case for x<1+10710 the following 
formulae which are derived from the hypergeometric formula for 


P,,) (x) are used 


Kp (x) = 1.0 


Ky, (x) 
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4. Results 

The results are arranged in two sets of tables. The 
first table lists the value of the conical function Kp (x) for 
See dee) (Ora) oo. and, tor p> =-0.1(0.1)10.0 to. 8 decimal places. 
The second table lists the zeros, value of the derivative at 
the zeros, bend points and value of the function at the bend 


points, again to 8 decimal places. 


Table 1 


The value of the conical function Kp (x) for 
x = 1.0(0+4) 9:8 and for p = 0. 71(0.1)16.0: to 


8 decimal places. 
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Table 2 


The zeros, value of the derivative at the zeros, 
bend points and value of the function at the bend 


points, to 8 decimal places. 
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QO.” Abstract 

The effect of a travelling atmospheric pressure 
disturbance on the water level of a narrow lake with a depth- 
discontinuity has been studied using the method of character- 
istics. Both semi-infinite stress-bands and finite stress-bands 
were considered. The set-up defined as the difference in the 
water level between the right and left boundaries does not 
become periodic any time after the disturbance crosses the lake. 
For semi-infinite stress-bands the water level at the left side 
is predominantly negative while it is positive on the right side 
and it becomes both positive and negative for finite stress-band 


widths. 


1.  i2ntroduction 

The calculations reported here have been originally 
made in connection with evaluating the role of the Saguenay 
River Barrier on the water level changes in the St. Lawrence 
River when atmospheric disturbances travel over the river. The 
paper was presented at the 5lst Annual Meeting of the American 
Geophysical Union held at Washington, D.C. in April 1970 and a 
condensed version is published (Murty, 1971). Neither in 
the presentation of the paper nor in the paper published 
are the details of the calculations dealt with. These are 
discussed in this manuscript report. 

The effect of a travelling pressure disturbance on the 
water level in a non-rotating one-dimensional lake of uniform 
Peon has been studied by Harris (1957). His solutions are valid 


only for very short time intervals after the disturbance crosses 


the lake. Rao (1967) treated the same problem and also the case 
of a rectangular bay of uniform depth (1969) making use of the 
method of characteristics. For both these cases he showed that 
the maximum value of the set-up (set-up is defined as the 
difference of water level at the right and left boundaries of 
the lake in the case of an atmospheric disturbance travelling 
from left to right) is periodic some time after the passage of 
the disturbance. In fact, for the uniform depth cases this 
periodicity could be proved a priori from the characteristics' 
equations even before obtaining solutions for the height fields 
hy, and hp at the left and right boundaries. 

In the present study I consider the case of a lake with 
a depth-discontinuity. An example of such a discontinuity in 
nature is the so-called Saguenay River Barrier (the region 
where the Saguenay River joins the St. Lawrence River) where 
the depth falls approximately by a factor of four in a distance 
of a few kilometers. However, our interest here is not a 
particular case (in which case direct numerical integration 
could have been used) but to study this problem generally 
keeping other conditions as simple as possible-~ For this 
reason the problem is solved analytically through the use of the 
method of characteristics. 

An atmospheric disturbance travelling over a body of 
water imparts energy to the water through pressure-gradient and 
wind-stress forces. For a small-scale system such as that 
considered here, the pressure-gradient force can be neglected 


and thus only the wind-stress is considered. The rate at which 


the water absorbs energy from the atmospheric disturbance 
depends upon how close the propagation speed of the disturbance 
is to the propagation speed of long gravity waves in the lake 
because resonant coupling is possible when they are equal or 
approximately so. The relative sizes of the atmospheric 
disturbance and the lake are also important because the finite 
Size of the lake has to be taken into account if the size of 
the atmospheric disturbance is comparable to or greater than 
the size of the lake. This means wave reflections at the left 
and right boundaries of the lake as well as at the depth- 
discontinuity must be taken into account. 

Certain simplifying assumptions have been made to 
keep the mathematical problem tractable and adapt the method of 
characteristics to obtain the solution. For convenience, the 
depth-discontinuity is assumed to be at mid-length of the lake. 
The two portions of the lake on either side of this discontinuity 
are assumed to have uniform depths Dip and, D>. Hydrostatic 
approximation has been made for the peat field and the 
nonlinear advective terms are suppressed. Platzman (1958) gave 
a justification for these approximations based on order of 
magnitude considerations. Though in principle the method of 
characteristics could be used with a two-dimensional lake (in 
which case integration must be performed along characteristic 
surface rather than along characteristic lines), in practice 
the calculation is complicated. For this reason a narrow lake 
is considered here in which the earth's rotation effects could 


be ignored and no transverse motions are permitted. Also, since 


our interest is in the transient aspects of the motion and not 
in the final steady state, bottom frictional effects also are 


ignored. 


2. Formulation of the Problem and the Method of Solution 
Consider a lake of length L containing water of 
uniform density p. The origin of a right-handed cartesian 
co-ordinate system with the x-axis along the length of the lake 
and the Z-axis pointing upward is placed on the left boundary 
at the mean water level. Then the depth-discontinuity is at 
x=L/2 and the right boundary is at x=L. The vertically 
integrated equations of motion and continuity for regions to 
the left of the depth-discontinuity (identified through the 
subscript 1) and to the right of the discontinuity (identified 


through the subscript 2) are 


dMy 2 E ohj ,2 4 
oe ee aa ee (1) 
sr oleae (2) 
ot ox 
where 
h 

7 pe a 

Mae cal Uy,2 dz (3) 
Fro ay oa 


Here M is the volume transport through a vertical section, U 
is the horizontal component of velocity along the length of 
the lake, h is the deviation of the water level from the 
equilibrium position and R is a forcing function such that 


R=- (4) 


where t is the wind-stress which is assumed to be known and R is 
the quantity to be prescribed in the actual calculation. 

The boundary conditions of the problem are prescribed 
through assuming perfect reflections at the left and right 


boundaries of the lake. Thus 


My ) at. x 


II 
So 


Os) 
Mot=..0, at *x 


II 
ies, 


At the depth-discontinuity, continuity of M and h is required. 


M, = M2 


L (6) 
2 
hy = he 


Initially the lake is assumed to be at rest. 


My) MN 


il 
oO 


at tO (7) 
hy = ho = 0 


Let Cj and Cy be the speed of long gravity waves in regions l 


and 2 such that 


2 = 
Cio E1g?-D (8) 


Since this is a non-dispersive system (with the earth's rotation 
ignored) all the gravity waves propagate with the same speed 
C, in region 1 and with the same speed C2 in region 2. 

Addition and subtraction of equations (1) and (2) and 
then use of (8) gives four equations for the four unknowns 


Mj, Mo, hi and h?2 which can be expressed in the following compact 


Torn: 
Oh gadeie mitt Be) aoe 
dt ees Paice cre 
for (9) 
(o> ee 
Te ae hey 


This equation states that the quantity Mi 2 = G10 7h ge, is 


constant along the characteristics dx/dt = Since both 


* hoe 
the regions of the lake have uniform depths individually, the 
characteristics in both regions are straight lines with slopes 
Cj. Jand Co. ~Hadethe nonlinear term v ou been included in the 
equation of motion, the method of characteristics would still be 
applicable but the characteristics would no longer be straight 
lines. In fact, in such a case they have to be determined as 

a part of the solution with each integration. Through a scale 
analysis it can be shown that the omission of the nonlinear term 
is a minor drawback of the model compared to the omission of 
bottom frictren. 

The calculations were performed both for semi-infinite 
and finite stress-bands travelling over deep to shallow (desig- 
nated as case I) and shallow to deep water (designated as case 
II). The left side of Figure 1 shows an atmospheric disturbance 
of the semi-infinite stress-band type moving from left to right 
for case II. In these calculations we will assume that the 
atmospheric disturbance travels only from left to right because 


the results for case I (case II) in which the disturbance 


travels from right to left can be easily inferred from the 
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results corresponding to the travel of the disturbance from 
left to right for case II (case I). The conditions imposed on 
the surface stress for the semi-infinite stress-band case which 


are valid for both cases I and II are 


0 FLOR Ae 


| A 
<alx <x 


(10) 
1 ‘SOE CU 


|v 


Next we will express the surface-stress conditions for 
a finite stress-band of width B. Since this is a linear problem, 
the solutions for the water levels at the left and right 
boundaries and for the set-up can be obtained by superposing 
two semi-infinite stress-bands, one positive and the other 
negative, both Of the same intensity and both moving with the 
same speed V in the same direction but with their jumps 
separated by a distance B. The solutions for the negative 
stress-band can be obtained by replacing the time-variable t by 
t-to in the solutions for the positive stress-band. Here 
to=B/V is the time interval that elapses between the passage of 
the leading and the trailing edges of the stress-band over a 
given point of the lake. Hence the conditions imposed on the 
wind-stress for the finite stress-band case are 


CRstOE Ss = and aie 
se (11) 


LT fer SNe Tae 


<il™ 
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In all these calculations the origin of time t=o is taken at 
the moment the stress-band is over the left boundary of the 


lake. whe leading edge of a semi-infinite stress-band crosses 


the right boundary of the lake at to=L/V after which the whole 
lake is under the influence of the wind-stress. However, for 
the finite stress-band, as can be seen from equation (11), a 
given point in the lake distant x from the left boundary is 


influenced by the wind-stress, only during the interval x/V to 


=P tee 

Although we could have obtained solutions for any 
depth ratios of the two regions, we did the computations only 
for two cases, namely C;/C9=2 and 1/2. The first case is one 
in which the region to the left of the discontinuity is deeper 
than the region to the right by a factor of four. In the 
second case the situation is reversed. Detailed algebraic 
solutions were obtained for the water level hy; at the left 
boundary and the water level hr at the right boundary in terms 
of the wind-stress R, length L of the lake, the speed V of the 


atmospheric’ disturbance and either Cy or Cy, which evér is 


greater depending upon the case. 


3. The Characteristic Diagrams 

The characteristic diagram is a representation of the 
characteristics (which identify the long gravity waves) in the 
x-t plane. Several different characteristic diagrams (subcases) 
are possible for a given case depending upon the ratio of V to 
Cj or Cy. Figure 2 shows the characteristic diagram for 
V/C,=3 and Cj/C2=2. The dashed-dotted line shows the position 
of the leading edge of the stress-band which is usually referred 
to as the stress-jump line. The sloping lines in the diagram 


are the characteristics. Although this diagram is drawn for 
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Pig. 
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Characteristic diagram for sub-case l 
(@>V >2) of case I. The diagram is 
Ci 
actually drawn for V =3. 
Ci 


aT 


V/C,=3, it can be seen that the nature of the diagram remains 
the same for ~ > 2 > 2 except that as V/C) increases, the 
Slope of the stress-jump line decreases until at V/C =~, 
the stress-jump line merges with the abscissa, Since AC 
for this sub-case, the stress-band propagates faster than the 
free gravity waves in both regions. 

When the stress-band arrives over the left boundary 
of the lake it generates a free gravity wave that propagates 
in region 1 with uniform speed C,. Since in this sub-case 
V>C,, the stress-band arrives at the depth-discontinuity 
earlier than the free gravity wave that has originated at the 
left boundary. The stress-band generates two gravity waves 
at the discontinuity, one travelling with speed Cj in region 1 
and the other travelling with speed Cz in region 2. These 
gravity wave systems thus created arrive at the respective 
boundaries in course of time and get reflected. When the 
gravity wave that has originated at the left boundary arrives 
at the discontinuity, it creates another two gravity waves. 

When the stress-band arrives at the right boundary it creates 
another system of gravity waves. 

Thus, essentially we can distinguish among three 
families of gravity waves based on the location of the source of 
their creation: the L-family (originated at the left boundary), 
D-family (originated at the discontinuity) and the R-family 
(originated at the right boundary). Using these three families 
of characteristics, the characteristic diagram could be built 


up in advance before we attempt to obtain solutions for hy, and 


he. 


a2 


The different possibilities of intermingling among 
these three families of characteristics and also the stress-band 
represent the different sub-cases. In principle, for each case 
an infinite number of sub-cases are possible. However, from a 
practical point of view we have limited our discussion to 
Nigh V 


See =.  Ttieso.fappens enac = 7 
aCe Clee 


> 2 rs. only one 
sub-case. The possible sub-cases for case I in this range are 
listed in the Table. 

Out of these twelve sub-cases, two sub-cases, namely 
es = 1 and — = 1 are not considered here because the method of 
characteristics fails when V = Cj or C2 and the solutions for 
hy, and hry are discontinuous. Figures 3 and 4 show the 
characteristic diagrams for sub-cases 2 and 5 of case I and 
Figure 5 shows the diagram for sub-case 12 OL Case IT.” (im 
sub-case 2 of case I there are only two families of character- 
istics because the R-family merges with the L-family at 
=> CL and x = 2 as can be seen from Figure 3. Since the 


diagrams are different for each sub-case, the solutions for hy, 


and hr are different. Note -Chetauilt.o4 1 3b 2 = then Cy; = C7 =< 


and only three sub-cases are possible, namely Ly 


als © 
V 


sees Ltr /C 
the method of characteristics fails; however, the maximum value 
of the set-up is continuous (Rao, 1967). 
4. Detailed Solutions 

The detailed solutions for sub-case 1 of case I will 
be described here along with the technique of integration along 
the characteristics to obtain expressions for hy, and Wh. irene 


the solutions on the left boundary of the lake will be obtained. | 


EG x 


cy 


Characteristic diagram for sub-case 2 
(Vv =2) for case i ge 
Ci 
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Fig. 4 Characteristic diagram for sub-case 5 
(levee Zino case I 
CS 


Fig. 5 Characteristic diagram for 
(V =1) of case IT. 
C; 3 


sub-case 12 
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Table 


Sub-case for case I (Cy = 2C92) 


Sub-case Number 
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Since the lake is assumed to be at rest till the stress-band 


passes over it, hy = 0 at t = 0. As can be seen from Figure 2, 
an expression for hy, that is valid for 0 < t < a + Sa can be 
"ai Py ih 


derived through integration of equation (9) along the 
Characteristic AB which intersects the stress-jump line at the 
point A in region I. The solution for hy, which is valid in the 
above time interval is designated as hh: The solution for hy, 


L L 


Valid LOr the time interval xy +t Soi me aey L_ ana designated 


Cl 
by hy» can be obtained through integration along the 
characteristics FD, DA, and DL. Of these, FD and DL are negative 
characteristics (since dx/dt is negative) and DA is a positive 
characteristic. The solutions hy, and hr» should match at the 
S + aah which is the upper time limit for Ay, and the 
lower time limit for AL: Otherwise the solutions are discontin- 


time t = 


uous and have no relevance. Solutions for hy, 3, hy, etc. could 
be built up through integration along the proper characteristics. 
For this sub-case 1 of case I (as for some other but 


not all sub-cases) the water near the right boundary of the 


Takes is jatirest, till the stress=band passes over it at t = z. 
Thus hry =O. OO. bo as 4 - The solution AR» ror 

L L L ‘ ; , 

qos te Ohi] + 2C> can be obtained through integration along the 


characteristics PD, DL and DA. The solutions for AR and hp, 
can be constructed in a similar manner by integrating along the 
proper characteristics. 

To illustrate the actual integration process along the 
characteristics, consider the integration along BA to obtain the 


solution for hh: Equation (9) can be written as 
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Mj, ~ Cihig - Min + Cihi, = R(tp-ta). From the boundary and 


B 


initial conditions 
Mis = Mi, = Ala = 0 
Since hj, = hh) the above equation becomes 
tuCa hy, = R(tp-ta) (12) 


To determine tp-ta one can use the information that A is the 
point of intersection of the stress-jump line x=V.t with the 


negative characteristic dx/dt =--C,- This then gives 
V.ta = Cy (teate) 


Noting that tp can be replaced by t where t denotes any time in 


the interval of70 <7. = So + ey , equation (12) can be written 


as 


= Bet 
hyy = 7 (cy+v) (13) 


This solution satisfies the condition hy, = Oatt=0. 
The solution for hy,5 requires integrations along FD, 


DA and DL. Integration along FA gives 

Mip - Ciship ~ Miy + Cy-hip = R(tpotp) 
but 
= 0; hip = hy,» andt pet Cyt ein 


Hence 


(14) 
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Integration along DA gives 


Mp Se Ci -Aip a Mi, = C1-hi, = Rt ty atx) 


Noting that Mia = hin = 0 and determining tp-t, making use of 
the property that A is the point of intersection of the stress- 


jump line with the positive characteristic AD we get 


R(Z VV. tr) 


Mit ele = (15) 
D D —eeeeeo—a 
(a V) 

Integration along DL gives 

M2p - C2-h2p = M2, + C2-h2, = R(Cpy-ty,) 
But 

hap = Alpi hay, =°0; Mor, = 0 and Min = M2p 
Also determining tp-ty in a manner as before, the above 
expression becomes 

cy -R(L-2V.tp) 
ra ey eee (16) 
D > dD 


(Ci +24) 


Solvang 415). and; 4(:6). for Mip and hin we get the solutions for 


the volume transport and the water level at the discontinuity 


2(2V+C 1) (C1-Vv) 
and 


_  -R(L-2V.tp) 18 
Dp > ey=vy (Cyr ZvT ne) 
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Substitution of (17) and (18) into (14) gives the solution for 
hy,5- 
V 
Lote. 20h Sree eee ee YS 
‘ 2C} (Cy-V) (Cy +2V) 2c¢ (19) 


which. as valad for 


L 
yh ee 


The solutions for hy. and hhy match correctly at t = 57 + ae 
In a similar manner the solutions for hL3, hh, etc. and hry 


hp, etc. can be constructed. These solutions are summarized 


2 
below for this sub-case. For i=3 and 4 only 


L V 
= ae 8 Rt Vt-=(1+——) s Ria. 
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These give the upper and lower time limits during which the 
solutions for hy 3 and hy, are valid. Note that the upper time 
Fimit. for hy,3 coincides with the lower time limit for hig: as 


it should be. The solution for hhe is given by 


will 2 5 
hp. = 3 Pu ae Sa, 3 
L 
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Now we are 


in a position to write the general solutions on the 


left side. For i> 8 (i takes:‘only integer values) 
ae 2 f--pARL 
PUG e ee es mean See Cy. 
GL 
L Ce 
Ct oy (t 5 C7) 
Depending upon the time limits these general solutions fall 


into three 


ore Lierste ki 
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For i=9, 12, 15, 18 etc. (general solution of second kind) 
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For i=10, 13, 16, 19, etc. (general solution of third kind) 


. Heke fe t me L 
the lower time limit = T1 043g = oy + Ay (7 +420) 


: 9:1) ae eaa ee a3 
the upper time limit = Ty0+3g = 7 + IC] (7 + 2d) 


This completes the solutions on the left side of the lake. 
Next we will summarize the solutions for the water level on the 


right side of the lake. 


L 
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The solutions for hp, and hp, are Similar. Thus for i=4 and 5 


only 
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The solution for hr¢ is given by 
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The solutions for AR 


following expression. 


and DR» are similar and are given by the 
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Now the general solution on the right side can be written: 


For 4 tan, 
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Depending upon the time limits, these general solutions fall 


into three categories. 


Pore i-9 12715, 18 etc... (general 


solution of the first kind) we have the following limits; 


the lower time limit = 


the upper time limit = 


bi ie a a J 
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For i=10,.13, 16, 19: etc. (general solution of the second kind) 


im, 3 ke bt ay 
the lower time limit = Tj 9,35 = IC] (Fee 25) 
th er time limit = tu eae a (4 + J) 
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This completes the solutions on the right side. 
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This completes the solutions for sub-case 1 of case I. Ina 
similar manner the solutions for all sub-cases of cases I and II 
for the semi-infinite stress-band could be determined. The 
method of obtaining the solutions for the finite stress-band 
starting from those for the semi-infinite stress-band has been 
described in Section 2. The solutions for the finite stress- 


band were determined for band widths of 2L, 1.5L, L, 0.75L, 0.5L 


and 0.25L where L is the length of the lake. 


5. Results 

Most of the results of the computations are presented 
in Figures 6 to 16 all with the same format, namely the amplitude 
of the water level as ordinate and the time as abscissa. The 
numbers marked along both the abscissa and the ordinate are 


nondimensional quantities. To get the corresponding dimensional 


5 


numbers, for cases I and II, the ordinate values have to be 
multiplied by RL/C? and RL/CS respectively. The abscissa values 
have to be multiplied by L/2C, for case I and L/2C5 for casetiL, 
Note that the values of V quoted in the diagrams are non- 
dimensional, being expressed as a ratio to © for case I and 

ase aeractOutoiCo Gor’ case I]. 

Figure 6 shows the water level variation with time at 
the left boundary of the lake for a semi-infinite stress-band 
moving over deep to shallow water for four different speeds. 
The interesting result is that the water level is predominantly 
negative. On this diagram the water level becomes positive 
only for V = 2.5 around t = 7 and t = 10. Since the figures 
are self-explanatory, lengthy descriptions will be omitted. 
Since bottom frictional effects are not included in this 
computation our results become less reliable with increasing 
time. In every case the computations have been made for V 
ranging from 10 to 1/3 but only those cases which showed 
interesting results are included in the diagram. Figure 7 
shows the variation of water level at the right boundary of the 
lake for a semi-infinite stress-band moving over deep to 
shallow water for four different speeds. It is immediately 
clear from this diagram that the water level is predominantly 
positive. In fact, in this diagram, it becomes negative only 
rors ve= 1, around t= 3. 6b 4elt is clear from. Figures 6 and 47 
that the water level, even in the absence of friction, does 
not become periodic, although from some values of V it assumes 


a quasi-periodic nature. 
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Figure 8 shows the time variation of hy for asfinice 
stress-band of width 0.4L ian case I_ for four different speeds. 
First of all it is clear that the water level could be both 
positive and negative. The second important point cs that the 
nature of the water level variation is drastically different for 
different speeds of movement of the stress-band. In this 
diagram the maximum range of the water level variation occurs 
fori Vv =.0.75 probably because of the possibility of resonant 
coupling between the stress-band and the gravity wave in 
region I. The cases of V = 1 and 1/2 cannot be treated by the 
method of characteristics for both cases I and II. Figure 9 
shows the situation at the right boundary of the lake 
corresponding to Figure 8 for speeds V = TSS; 2/340 so and Onan 
Again, as on the left side the water level is both positive and 
negative but in contrast to the left side the range of water 
level variation on the right side is uniformly high for the 
four different speeds. By comparison with the previous figures 
it can be seen that the qualitative nature of the variation in 
case II is quite different from case I. Figure 10 shows the 
water level hy in case Il for a finite stress-band of width 
0.1L for four different speeds. Figure ll shows the 
corresponding water level variation at the right boundary of 
the lake. The range of variation is considerably lower than 
at the left boundary. 

Figure 12 shows hy, in case I for V = 1/3 for four 
different band widths. It is interesting to note that the 


amplitude of variation decreases with the decrease of width of 
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Finite stress-band of widthO.4L HR Case! V=1.5, 2/3, 0.6 and 0.4 


Fig. 9 Water level variation at the right boundary in 
case I for a finite stress-band of width 0.4L. 
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the band until 0.4L and it increases again slightly for 0.1L. 
Thus the width of the band with respect to the dimension of the 
lake is important in determining the amount of resonant coupling 
possible. Figure 13 shows hy, in case II for.V= 1/73 for the 
same band widths as in Figure 12. The range of variation on the 
whole appears to be greater in Figure 13 than in Figure 12. 

Thus the amplitude of the water level variation at the left 
boundary appears to be more for a stress-band moving over 
shallow to deep water compared to that for a band moving over 
deep to shallow water. By analogy we expect the amplitude of 
variation at the right boundary to be greater in case I than in 
case II. This is exactly the case as can be seen from Figures 14 
and 15. Fagure 16 compares h,;, and hry in\cases I’and II far a 
finite stress-band of width 0.4L moving with a speed V = 1/3. 

It can be seen that hp for case I and hy, for case II have 

higher amplitude of variation. 

In conclusion the important results of this study 
could be summarized as follows. For a semi-infinite stress-band 
the water level at the left side could be predominantly 
negative while at the right side it could be predominantly 
positive. As the speed of movement of the stress-band 
approaches the speed of long gravity waves either in regions I 
or II, resonant coupling is possible. For finite stress-bands 
of width about half the dimension of the lake, the amplitude 
of the water level variation could be smaller than that for 
either wider or narrower bands. The additional complexity 


in reflections introduced due to the depth discontinuity does 
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not allow exact periodicity of the setup variation even in the 
absence of friction although quasi-periodicity is achieved in 


some cases. 
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Foreword 


The reports contained in this number of our 
manuscript report series were prepared in response to a 
request to Federal authorities from the government of the 
Province of Quebec for an initial consideration of the 
possible influence of the James Bay Project on the 
environment; the three reports are directed to the marine 
environment and: comprise but a portion of the total 
activity. Specifically, the study was to be directed to 
a question concerning the area to be developed first, i.e. 
whether construction should begin on the southern rivers 
or on the northern rivers. It was realized from the outset 
that we could not, for a number of reasons, contribute 
Significantly to the resolution of the guestion; 
nevertheless, it was deemed useful that we attempt to 
understand the oceanography of James Bay as well as 


available data would permit. 


pbb ht.. 


Director, 
Marine Sciences Branch. 
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1. Introduction 


The examination of certain aspects of the 
oceanography of James Bay (frontispiece) contained in the 
following was carried out in a consideration of the possible 
influence on the water of James Bay of the development 
of the hydroelectric potential there. The work constitutes 
more of a review or reappraisal of knowledge of the region 
than it does an impact study, but was believed necessary 
in our initial approach to the problem. The review aspect 
emphasizes the importance to James Bay of processes 
operating in adjacent waters (Figure 1) and the fact that 
all of these waters generally reflect to similar degree 
the influence of similar internal and external factors; 
in consideration of this, the word "system" has been used 
to include all the region (Barber, 1967, p20). 

It was not surprising that an assessment of the 
influence of the development would prove almost intractable 
for, while data on the region are few, our understanding 
of both the qualitative and quantitative changes which 
may occur through oceanographic processes is limited. 

The consideration applies to the system as a whole as well 
as to James Bay, for not only are certain major features 
not understood but also much of the "understanding" is 

not well-founded; we have a great deal to learn about our 
northern waters generally. Part of the understanding could 
result through a study of the changes actually wrought 


on the system by the project. It is recommended therefore 
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Figure 1. Some place names within the system. 


that consideration be given this so as to ensure that an 
adequate description of the system as it existed prior 

to development is available. Of course this will not 
ensure that post-development changes will be related in 

a causal way to the development, for if a measurable change 
does occur over a decade or two, or longer, other influences 
may appear by that time to be of equal or greater 
significance (Anon., 197la, p45). 

It will be evident in the following that the data 
requirement is rather formidable, not only in oceanography 
(Hamill, 1969, p37) but also in hydrography and perhaps 
in geography. Robinson (1968) reviewed knowledge of the 
geography of the surrounding land areas where two sub- 
regions could be delineated (p202). One, "the South Coast 
Lowland", extends southeast of Churchill to west and south 
of James Bay where along the coast (p217), 

...there is a flat strip five to ten miles wide, 

with the widest parts generally being to the 

north. The coastal zone is treeless, but grass 

or marshes are common. Storm beaches, a few feet 

high, are the only topographic features. Tidal 

flats may be exposed for one to six miles; even 

at high tide shallow water extends far offshore. 

Much of the monotonous coast has been 

unapproachable from the sea even by small ships; 

this being one of the main reasons for the lack 

of settlement. Deeper water may be found at the 

drowned river mouths, but shifting sand bars and 

minor deltaic deposits are navigation hazards. 
The other, the "East Coast Upland" (p222) extends from east 
of James Bay to the north coast of Hudson Bay a north-south 


distance of 750 miles. James Bay constitutes almost a third of 


this, i.e. 230 miles (389 km), and is up to about 100 miles 
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(185 km) wide with an average depth of about S20mM., Lt 

seems likely that given adequate hydrographic data, distinct 
sub-regions would be recognizable within the bay. > The 
project will likely influence the priority for such data 

so that the required knowledge of the bathymetry so 
important to an understanding of the oceanography may 

become available reasonably soon. 

As yet only limited information is available 
concerning the project beyond that reported in newspapers, 
eg. Anonymous, 1971b, which in the main have been about 
the development of hydroelectric potential on the three 
southern rivers, Broadback, Nottaway and Rupert. A parallel 
development is proposed for certain of the northern rivers 
with diversion of water into La Grande-Rivi@ére, including 
part of Grande-Rivi@ére de la Baleine (Anon., 197lc). Considerable 
interest in possible long-term climatic effects of the 
project arose subsequent to newspaper, radio and television 
commentary based on expressions of two well-known Canadian 
scientists (R.W. Stewart and L.M. Dickie), which in turn 
led some to the conclusion that marked change was to be 
expected, eg. Time Magazine for September 27 (Anons, ahO¢#1d) < 
In a subsequent letter to the magazine, Stewart and Dickie 
(1971) clarified their views somewhat and seemed to suggest 
that although it was not possible to predict the influence 
of the project, it was possible to predict that it will 
have one. Apparently the influence as they view it will 
be only on the local climate, or microclimate, and could 


occur in a number of ways, some rather subtle, requiring 


detailed and extensive data in order to recognize the 
change and process (Landsberg, LOW-0%, Spl 269) eo Whiley Tt 
is by no means certain whether man's activities have yet 
influenced global climate (Frisken, 1971), it is the 
expe rlencerthav this has not vyetioccurred”® (Landsberg, 1/97 0) 
and may ‘not be) likely (Anon. 1970a, p97). 

In the following it is assumed that a major feature 
of the oceanography of the region, the annual ice cover, 
is due to the global atmospheric circulation and hence 
not likely influenced by man. The ice cover limits the 
exchange of heat with the atmosphere so that both the gain 
of heat during the open season and the loss of heat during 
the period of ice cover are much smaller than were the 
area without an ice cover. It is believed that for the 
region, i.e. Hudson Bay and James Bay, the gain is about 
equal to the loss although smaller, so that a small deficit 
occurs which is balanced by an advection from the ocean. 
In this regard the main parts of the system may be even 
more uncoupled from the world ocean than is the Arctic 
Ocean, where a perennial ice cover is general and the 
balance is maintained by advection from the world ocean 
and an excess of export over import of ice. It is believed 
that the export and import of ice from and to our system 
are small and about equal, so that the amount of ice which 
melts is equivalent to that which forms there, although 
considerable redistribution of the ice occurs within the 


system. 
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It is possible that the project could influence 
this redistribution of ice (Murty, 1971) and some attention 
is given this aspect later. The treatment generally is 
quite inadequate and does not provide significant insight 
to those factors of the circulation which might influence 
ice distribution. This is of particular significance when 
we realize that not only is the ice cover unstable but 
also in some years a portion very nearly survives through 
a summer, eg. in 1969 (see section 2.3). If the project 
were to lower the average air temperature in summer through 
an impact on local climate, the ice cover would persist 
for a longer time causing a further decline in average 
temperature. It may be that through observation and study 
it could be determined whether the project will constitute 
a "major environmental disturbance" (Kershaw, 1972) Wior. 
whether our considerations which suggest little impact 
are, in fact, “miscalculations" (Heyneman, 19.7). 
lo. Climate 

In contrast to the broad expanses of Arctic tundra 
that surround Hudson Bay the sub-Arctic lands bordering 
James Bay are partially forested and thus protected 
from strong winds. As a result two of the most 
distinguishing features of Hudson Bay winter climate 
- wind chill and blowing snow - are not nearly as 
evident near James Bay. With this important exception 
and the fact that James Bay is several degrees of 
latitude farther south the factors that influence the 
climate of James Bay are essentially the same as those 
outlined for Hudson Bay. 

Along southern coastlines more than 100 inches of 
winter snowfall are evenly distributed during the months 
November through March. Fort George, on the east coast, 
receives almost as much snow but approximately one half 


of the annual total falls during November and December. 
Lesser amounts are measured in the mid-winter months 


Hak 


wi.en almost solid ice cover over James Bay cuts off 
the supply of moisture to the air moving over it. 
Throughout the winter the snow is soft and deep in 

the woods but drifted and hard packed over the exposed 
Bay ice. 


In general the lands bordering James Bay are free 
of snow from late in May until the middle of October. 
During this period precipitation, mostly in the form 
of rain, accounts for more than one-half of the 25 
to 30-inch annual total. At Moosonee, in fact, rain 
or drizzle are reported on approximately 15 days of 
each month in summer. As would be expected from these 
figures, cloudy days are frequent. While Moosonee 
and Fort George receive less than 240 hours of bright 
sunshine in July, stations at approximately the same 
latitudes in the prairie provinces record close to 
320 hours. Moosonee ranks above Churchill in the 
number of thunderstorms that occur in summer with an 
average of three or four per month. The frequency 
of thunderstorms decreases markedly to the north and 
east however, where the cold waters of Hudson and James 
Bays tend to inhibit shower development. 


Although reports from the weather stations at 
Moosonee and Fort George do not fully substantiate 
it, fog is probably quite prevalent over James Bay 
in June and July when sea ice is still present. 


As is the case with Hudson Bay, the cold waters 
are more influential than latitude in determining 
summer air temperatures along the shores of James Bay. 
July temperatures at Moosonee and Moose. Factory average 
about 60°F while daily maxima are near 70°F. Corresponding 
temperatures for Fort George are about 5 degrees lower. 
Along the east coast of James Bay daytime high 
temperatures over 85°F are unusual. At Moosonee, on 
the other hand, where southwesterly winds bring warm 
air from the heart of the continent, 90°F temperatures 
have been recorded in all months from May to August. 
Sharp and rather frequent temperature fluctuations 
may be expected during these months depending on whether 
the winds are off the land or off the water. 


Freezing temperatures have been reported in every 
month of the year at weather stations on the shores 
of James Bay. While there are wide local variations 
in the incidence of frost, depending on the proximity 
of the Bay or on the presence of lakes or muskeg, the 
first frosts of autumn usually occur early in September. 
Average daily temperatures generally remain above 32°F, 
however, until late October. 
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January is the coldest month in the James Bay 
region with average temperatures in the neighbourhood 
of -5° to -10°F. An extreme minimum temperature of -52°F 
has been recorded at Moosonee and temperatures of -40°F 
are not uncommon. Readings as low as -20°F may be expected 
on one day in four at the height of the winter season. 
In contrast to the Hudson Bay area where above freezing 
temperatures are rare in winter, James Bay has the 
occasional mild spell in January and February. An 
example of such mild conditions occurred in February 
1954, when maximum temperatures at Moosonee exceeded 
40°F on five successive days, culminating in a reading 
of SUSEeon rpc ora. 

In summary, the climate of James Bay. is not as 
severe as that of Hudson Bay. Winters are long and 
cold however, and summers cool, and on an annual basis 
the lands surrounding James Bay are colder than most 
in Canada at similar latitudes. 

That the "lands surrounding James Bay are colder than most 
in Canada at similar latitude" is probably due to the "deep 
southward penetration of Arctic climate in eastern Canada 
in winter" caused by alteration of "global wind patterns" 
by geographic features. The exerpt and the quotes are 

from Thompson (1968) who also provided climatological data 
for a number of locations around Hudson Bay and James Bay. 
Stressed in the article (p267) is the effect of ice and 
relatively cold water on the local climate whereby winter 
conditions become quite continental and those of summer 
quite maritime. Earlier Burbidge (1951) discussed the 
influence of the open water of Hudson Bay on continental 
polar air moving over the region. Apparently the influence 
is greatest over the eastern portion in mid-summer and 

in early winter prior to freeze-up; although the tempering 
influence does persist past freeze-up into January (Hagglund 


and Thompson, 1964). It is clear that a persistent change 


in the average extent of ice cover would be followed by 
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a change in climate there. As noted, it is generally 
believed that ice extent in the northern hemisphere is 
determined largely by global atmospheric patterns (see 
also Fletcher, 1969); however, in Hudson Bay the persistence 
of ice is particularly sensitive to warm air from the south 
(Mackay, 1952) or, as we shall see, to cold air from the 
north. 
1.2 Ice cover and a possible consequence 

The "deep southward penetration of Arctic climate 
into eastern Canada in winter" is such that ice thickness 
over much of Hudson Bay approaches that for Arctic regions 
generally, although for James Bay it is considerably less 
(for example see Bilello and Bates, 1971). 


The greater part of James Bay is frozen over in 
the winter. By the end of January, local inhabitants 
have been known to go across the ice from the eastern 
shore to almost every island lying in the middle of 
the bay. At the head of the bay, in mid-winter, 
frequent journeys are made across the ice in a direct 
line between Charlton Island (Lat. 52°00'N., Long. 79°25'W.) 
and Moose River and between Charlton Island and Rupert 
River. The movement of ice in spring is greatly 
affected by the direction of the wind. If southerly 
winds predominate, the wind and outflow of the rivers 
acting together clear the southern part of the bay 
by the middle of June. But if northerly winds 
predominate, the ice will remain in the bay and 
seriously obstruct navigation till the sun becomes 
strong enoygh to melt it. 


Coasting vessels are put into commission during 
the last days in June, and make their passage from 
one post to another in lanes of open water between 
the coast and the ice in the centre of the bay. (Anon., 
1965, p441). 
Larnder (1968) stressed the variability of the ice cover in 
Hudson Bay, both in its formation and breakup, which she noted 


differed "widely from year to year and from one locality to 
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another" (p319) and, “Although, as already noted, the ice 
in James Bay generally melts or moves out of the southern 
two-thirds of the bay by early July, the ice that moves 
into its northern part from Hudson Bay may be so heavy, 
close-packed and persistent" (p335) that local 
transportation may be limited. Danielson (1971, p102) 
also considered that the northern “parts of James Bay 
receive ice from Hudson Bay" and implied that like southwest 
Hudson Bay much more ice melts there than forms there 
(p98). From the charts of ice conditions provided annually 
by the Meteorological Service it is possible to obtain 
an appreciation of the extent to which breakup can vary. 
For example, observations on July 9 of each of 1968 and 
1969 (Figure 2) indicated quite a wide divergence in extent 
of ice cover. This may be due to variations in direction 
of persistent winds early in the summer which can accumulate 
or disperse ice. This in turn can influence the surface 
albedo and hence the amount of insolation eventually 
absorbed. A pattern of circulation associated with mixed 
freshwater moving seaward at the surface probably also 
influences the distribution of ice, but not likely to the 
same extent as can this early wind. 

As James Bay is a region of annual, rather than 
perennial ice cover and as open water generally occurs 
at a relatively early time in summer, a seasonal. variation 
in temperature and salinity may be anticipated. In the 
approach to James Bay the annual sequence of events is, 


in the main features, likely similar to that suggested 


cover. on; Juby 9 0f, 1968 and 2969 (BromAnon.7— bon 0c 
1968. (b) 1969. 
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for a more northerly location in Hudson Bay (Figure 3), 
where the variation of salinity within a perennial surface 
layer is largely related to change in the ice cover. 

Within James Bay, the salinity structure is likely strongly 
influenced by the amount of freshwater from runoff and 

in the southern portion it may be that in winter a layer 

of freshwater exists under the ice (see also section 2.2.2). 
The existence of such a layer would be a consequence of 

the marked decrease of mixing at the surface due to a 
reduction in the transport of energy, from wind and exchange 
processes, across the sea surface resulting from the 
existence of an ice cover. Tidal currents would provide 
some energy for mixing but as these are not likely much 
above about 1 knot away from shore (Godin, 1971), it is 
possible the layer persists. Thus, in the absence of 
observations, the possible late winter distribution of 
salinity and temperature (Table 1) for the deep water west 
of Trodely Island is highly speculative, perhaps even 
fanciful. The small maximum temperature in a halocline 

is characteristic of arctic seas, as is the halocline 
itself. It seems almost certain that the halocline exists 
in winter, so that the water below a surface layer may 

be effectively uncoupled from local surface processes, 

i.e. convective processes are limited to depths above the 
halocline. This situation is believed to exist throughout 
the year over most of James Bay, so that the deeper water 


probably is from Hudson Bay with relatively little change. 
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Table 1 A possible distribution of salinity and temperature 
under the ice cover at a point just west of Trodely 
Island. 


2 0.0 0 

48 0.0 0 
10 0.4 15 
20 =0...6 25 
30 =1,3 2H 
50 mod BE 27 
15 -1.3 27 


1.3 Bathymetry 

Most knowledge of the bathymetry (frontispiece) 
is contained in Canadian Hydrographic Service chart number 
5800 and pilotage information is available in another 
publication of the Service (Anon., 1965) from which the 
following was extracted (p441): 


The low, flat shores of the bay are fringed with 
wide mud flats. The bay is filled with numerous 
islands, rocks and shoals, with no harbours for large 
vessels. In the fairway which, in the outer part, 
lies close westward of the middle of the bay, there 
are general depths of from 10 to 40 fathoms (18™3 to 
73M2) to within about 20 miles of the head of the bay. 


As in the case of Hudson Bay itself, the eastern 
shore of James Bay is very irregular in outline, with 
many islets and rocks lying close off it, while the 
western shore is even and almost free of islands. 
There is, however, Akimiski Island lying close off 
the middle of the western shore. In the eastern half 
of the bay are many islands and shoals. The western 
shore of the bay affords no harbours, but there are 
several fairly good harbours on the eastern shore for 
vessels drawing up to 12 feet (3™7) of water. 


Limiting depths exist in certain parts of the 
bay so that the water in some areas may be isolated from 
that at similar depth in Hudson Bay. For example, it is 


thought that for a station occupied in the deep water off 


Trodely Island a limiting depth of 40 m exists so that 

a salinity of about 27 °/oo could be expected there. The 
actual situation is quite uncertain and it is possible 

to interpret available bathymetric data as though there 
were shallows, less than 20m, extending continuously off 
the east shore from Cape Jones (Pte. Louis XIV) to Bare 
Island southward through Grey Goose Island, the Twin 
Islands, Weston and Charlton Islands to the east coast 

in the vicinity of Rupert Bay, so that a depth of 60 m 
would be isolated to the eastward. However, the 
interpretation here (frontispiece) indicates just one such 
area eastward of the shallows between Grey Goose Island 
and the Twin Islands, but with deeper areas south of Bare 
Island and north of Weston Island. Depths of 80 m occur 
almost as far south as Trodely Island; a depth which it 
was noted is not likely continuous to Hudson Bay. The 
areas of limiting depth of about 40 m are believed to exist 
between Bear Island and Akimiski Island and to the east 

of South Twin Island. 

With regard to the water which may occur in the 
northern approach to James Bay, oceanographic data indicate 
that a limiting depth of between 50 to 75 m occurs between 
the Belcher Islands and Cape Henrietta Maria (Barber, 1967, 
p15), thus the deeper water north of Pte. Louis XIV would 
be slightly isolated from Hudson Bay (an interpretation 
of more recent, but still incomplete, data on Canadian 
Hydrographic Service field sheet 025A suggests a limiting 


depth of 80 m) so that the range of salinity observed at 


ag 
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depth in the approach, i.e. 31.7 to 32.0 °/oo, is somewhat 
less than is observed in the open areas of Hudson Bay 
generally, i.e. up to 33.0 O/oo at 100 m (Figure 4). 
1.4 Surface wind 
Knowledge of surface wind within the system is 
based largely on observations at coastal stations, which 
indicate that winds are strong in all but the summer months 
when they are: 
-egenerally lighter and are variable in direction 
with a higher proportion of onshore winds at 
coastal stations, the effect of local sea-breeze 
circulations. 
(Anions, "Loon, Doo)) s 
Danielson (1971, p97) remarked on the influence 
of persistent north winds which move ice southward and 
evidence provided by Archibald (1969) suggests that wind 
strength may decrease from north to south, being less in 
southern James Bay than elsewhere in the system. It is 
the author's (limited) experience that storms can occur 
for short periods at any time during the summer with winds 
from the southeast to southwest. At Churchill in late 
September strong northwest winds may persist for 4 to 5 
days and in early October in 1961 in western Hudson Strait 
strong wind (290°, 50 knots) was experienced. Occasionally 
it is possible to see in the oceanographic distributions, 
correlations with surface wind. Of particular interest 
here is the influence of wind during the summer, i.e. when 
it is weak and variable with a “high proportion of onshore 


winds". As cloud and fog are frequent over the water such 
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Figure 4. 


The distribution, Obecalinityveat the surtace 
(a) and 50 m (b) in Hudson Bay and James Bay 
(from Barber, 1967) and the distribution in 
Hudson Bay of salinity (c) and temperature (d) 
at 100 m (from Barber and Glennie, 1964). 
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a wind would tend to increase the frequency of cloud and 
fog at coastal stations; an increase in each has been 
observed in both Hudson Bay and James Bay (Thompson, 1968). 
However, the main movement of air at the surface is from 
west to east so that a relatively warm air mass is moved 
over the southern-most parts of the system. It is useful 
to consider the likely surface temperature toward the end 
of July based on the 1961 experience (Figure 5) by which 
time considerable warming of the water had occurred over 
northern Hudson Bay, but with little or none in the southern 
part due to the ice cover there. Some warming has also 
occurred on land by this time, for example to the southwest 
(Figure 6). A warm air moving west to east from the land 
over the ice covered area would likely become relatively 
stable with which would be associated a decrease in sietane 
wind. The implication is that this small-scale region 
of atmospheric stability through a decrease of surface 
wind, increase of cloud and fog and with the high albedo 
of ice cover, contributes to the stagnation of the ice 
in the southwest usually observed (Anon., 1970e). Also 
implied is a lack of water movement due to other factors; 
however, this may result as a consequence of the James 
Bay circulation (Murty, 1971). 
1.5 Freshwater from runoff 

It seems likely that the pattern of runoff to 
James Bay will continue to be influenced by man, either 
through the increasing development of hydroelectric 


potential as has already occurred to some extent on the 


CALANUS Temperature Om 


Contour 
: 


variable ice cover 
July 23- 31, 1961 


HUDSON BAY 


PHASE I 


17 


THETA 


interval 1-0 C° 


Figure 5. 


The likely distribution of surface 
temperature in Hudson Bay toward the 
end of July based on temperature data 
(Barber and Glennie, 1964 Figure 17) 
and ice ;data «Anon. , 1962) in lel. 
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Figure 6. Mean daily temperatures CoP sein northern 
Ontario for July (Chapman and Thomas, 1968 


their figure 8). 
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Moose River (Robinson, 1968, p219), or perhaps through 
diversion of water southward (p219). At the present time 
the annual runoff volume appears to be about 3x1011n3, that 
is if there were no diversions. The value was obtained 
by extrapolation of the data on runoff from the Québec rivers 
(Figure 7) over the total drainage basin including James 
Bay. A check was obtained through the estimation of a 
value for the annual excess of precipitation over 
evaporation (P-E) over the total region. Hydroelectric 
development, in the absence of diversion, would not be 
expected to influence the annual value appreciably (except 
that it modified P-E), but would markedly influence the 
present pattern of runoff (Figure 8), which varies from 
very high levels in spring to extreme low levels in March 
and occasionally in summer. Black remarked (1968, p843): 
The rivers become quite shallow by July, even 
during wet weather. At this time the low water exposes 
numerous bars, bouldery shoals and rocky outcrops which 
render stretches of river difficult to navigate, ... 
A short period of navigation is possible before freeze- 
up when a second high-water period occurs during heavy 
autumn ralnS, .e. 
Presumably the rivers are not used for navigation during 
the period of low runoff, i.e. in March, at which time 
the flow can vary between a fifth to more than an eighth 
of the much more variable spring volumes. No doubt this 
large spring runoff has a significant influence on 
conditions in James Bay, including the distribution of 


ice, salinity and currents, particularly as it occurs when 


the ice cover is still extensive. However, even though 
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Table 2 A tabulation of 1968 surface water data from six 
stations indicating the name, size of basin, mean flow 
and the page reference to the source (Anon., 1971f). 
Other data are available (Anon., 1967a; 1970b; c; d). 


i 


Name Area Mean Flow Page 
(St... Now (Sq. Miles) (ets) 
La Grande-Riviére S760 0 60,000 50S 
(092704) 
Eastmain Ae RORY 31,400 Ss2 
(090601) 
Grande-Riviére de 16,500 20,100 379 
la Baleine 
(093803) 
sub-total Lip 200 1157200 
RUDGE 
(081002) 157300 30,300 345) 
Broadback 65.0110 P,.500 343 
(080801) 
Nottaway 2 pe 36,600 333 
(080701) 
sub-total Aa +640 78,400 


TOTAL 175, 820 2937500 


2G | 


Grande - Riviére e 


to 1968 
* Nottaway 


Grande - Riviere 
de la Baleine 


¢ Eastmain 
¢ Rupert 


* Broadback 


20 40 60 


Figure 7-.. A presentation of the data Of Table. 2.0. Lue 


extrapolation referred to in the text is based 
on the "best fit" of the straight line. 
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Figure 8. 


aml 6 
x 1963 


(Anon. 1967) 


A presentation of the monthly values 
of runoff for the Nottaway River for 
1962 and 1963 (Anon., 1967a). 


data on the flow from the Québec rivers are quite adequate, 
lack of oceanographic data limit their application. For 


the purpose here the significant annual values appear to 
be: 


1) amount from rivers and 
excess of P-E over the 
bay 3x1011m3 
but not including 
Grande-Riviére de la 


Baleine 0.02x1011m3 
2) amount from rivers 
to be developed 1.88x1011m3 
i.e. the sum of the 
southern rivers 0.78x1011m3 
and of the 
northern rivers 1.1x1011m3 


Thus the “development; wrll inerease the total annual value 
slightly and markedly influence the pattern for about half 
the runoff to the bay. With the potential for development 
of the southern and west coast rivers the runoff to the 

bay could be almost completely smoothed or at least reflect 
a demand for energy, which may be maximum in winter, i1.¢. 
at a time when the runoff prior to development, was at 


a minimum. 


2. The system 
2.1 Data in James Bay 
It is curious that James Bay has not been examined by 
oceanographers to nearly the same extent as have areas much 
further north. Apparently it is considered a difficult area, 
particularly for vessels suited to ocean survey, so that 


during the development of the 1961 oceanographic programme 
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for Hudson Bay the work in James Bay was limited to two 
sections across the entrance. Earlier, the negative results 
of an investigation into the fisheries potential of Hudson 
Bay by Hachey (193la) considerably deflated interest in 
the region generally (Hunter, 1968, p373). The 1961 
material and the 1959 work of "Calanus" (Table 3) constitute 
the only significant data yet observed there, although 
temperature and salinity data were observed in the Moose 
River with tidal observations (Langford, 1963, p90), but 
these have not been located. All of the available material 
were observed during the period of open water, though some 
of the "Calanus" stations were occupied at a time (Table 
4) when some ice cover occurred (see data report for 
existence of ice nearby at the time the station was 
occupied). Distributions based on the "Calanus" data were 
presented by Grainger (1960) and these were also utilized 
in a description of Hudson Bay (Barber, 1967; 1968a). 
The recent compilation of information about the region 
(Beals, 1968) proved useful in a number of ways, for it 
is "an impressive assemblage of facts not readily found 
elsewhere" (Jackson, 1970, p84l). 
2.2 Review 

James Bay is part of a general system (Figure 
1), comprising it, Hudson Bay and Foxe Basin, connected 
to the world ocean through Fury and Hecla Strait and Hudson 
Strait. Fury and Hecla Strait is likely much less important 
than is Hudson Strait to the character of the water within 


the system, for not only is Hudson Strait relatively wide 


aL 


| Table 3 A tabulation of the data available Indicating the: year 
obtained, name of ship, cruise reference number and a 


reference. 


Year Ship 
LOD 8 "Calanus" 
1959 do 
L961 one tan. 


CRN Reference 
S20 Grainger, 1960 
Se do 

SS (Anon., 1964a; b) 


a a = mm a A ieee nein 6 el oh etal 


Table 4F)A tabllation of the "Calanus™ 1080 Gata in James Bay 
indicating the station number and day... Ther latitude <of 
Station 59-4 has been taken as 52°30' and that of 59-15 


COnbes>so56e™ 


Number Day Number Day 
a a a ay SU alee arene egg cdc 
ih June 20 Ors, Aug. 26 
2 22 58 26 
4 ZZ Sys 29 
6 Ons) 59 29 
WT Zo 60 29 
8 26 61 30 
9 27 62 30 
tial 30 63 30 
Ake Uwiys @)) 
i) 10 


*Apparently a re-occupation. 
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and deep, but also strong mixing due to tides occurs there. 
Thus the water reflects to large extent an influence of 
the Atlantic Ocean and an influence of a process occurring 
within the system, and even though James Bay is 600 to 
1,000 miles away from these influences they are still 
strongly evident there. In the present context however, 
distance need not be particularly significant, for factors 
such as the general location and the associated climate 
and pattern of runoff in such a uniguely shallow region 
as James Bay can be paramount. 

The foregoing assumes certain physical properties 
of water which are of prime significance. For example, 
at salinities generally encountered in the ocean a 
temperature of maximum density does not exist at any 
temperature warmer than the freezing point (Figure 9), 
as exists for freshwater at 4°C. It will be shown that 
much of the water is less than oceanic salinity, 
specifically less than 24.7 C/oo, so that a point of maximum 
density can occur at temperatures warmer than that of ice 
formation at the surface. At such low salinities, surface 
cooling at temperatures close to freezing would lead to 
stability. Furthermore, at those locations where the 
surface layer is fresh or nearly so, the amount of salt 
made available to the surface layer through freezing is 
negligible. Thus, the evolution of a surface mixed layer 
through the winter would not relate to the formation of 
denser water at the ice-water interface (Barber, 1968b). 


Also of utmost significance, here as elsewhere, is the 
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fact that ice formed at the surface remains there, as it 
is less dense than water, providing a very different 
boundary than is the air-sea interface. 

Ze2e. (Currents 

It may be significant that only one of the drift 
bottles released in 1930 (Hachey, 1935) was returned from 
James Bay (Figure 10). If it is significant, then it is 
envisaged that the inflow from Hudson Bay occurs at depth 
rather than the surface and comprises a cold, relatively 
saline water. On the other hand, Grainger (1960) inferred 
an anti-clockwise surface movement with water entering 
from Hudson Bay along the west coast. Data observed in 
the autumn (October, 1961) suggest the development of a 
well-defined movement from James Bay north along the east 

~coast of Hudson Bay and to considerable depth (for example 
see salinity at 100 m, Figure 72 of Barber and Glennie, 
1964), which was partly due to an increase in the amount 
of freshwater there in October over August (Figure 11). 
Thus the pattern of circulation in these areas may exhibit 
a time-dependence in association with the distribution 

of freshwater from runoff. 

Presumably a portion of this runoff would have 
absorbed a significant amount of shortwave radiation and 
would enter the bay at a temperature above that of the 
surface water there, so that it would constitute a gain 
of sensible heat. Presumably too, much of the outflow 
at the surface would have, in the absence of ice, absorbed 


heat and would constitute a loss. The heat transported 
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Figure ll. 


The distribution of the depth of freshwater 
(m) gineAugustwandwcoctober,719614( from 
Barber, 1967). (a) August. (b) October. 
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with the inflowing deep water would be very much less so 
that in the section across the entrance a loss of heat 
occurs due to transport. The loss may be balanced by an 
excess of export over import of ice, but there is no direct 
evidence that either occurs, and it may be that it is 
balanced by the input of heat with the runoff. In this 
circumstance the annual sum of the flux terms would on 

the average be zero. Danielson (1969, pl62) considered 
that a variation in the flux occurred over the bay ranging 


2 2 in the north 


from a deficit of about 100 g cal cm’* year 
to about 6000 in the south and leading to an average gain 

of about 2500 g cal cm~2 year-l, A rough heat budget for a 
position in the northern part of the bay was attempted 

and although a value which might be considered better than 
Danielson's was not achieved, a comparison of the actual 
with the potential heat storage for two periods was made 
.from existing data. Between August 11 and 29 (1959) an 
increase in heat storage of 6500 g cal em~2 occurred, which 
is about twice the amount to be expected in the absence 

of advection. This suggests a movement out of the bay 

of the warmed water. During the period August 29 to October 
2 the mixed layer depth increased to 25 m and the heat 
storage was unchanged. This would have been expected in 

the absence of advection. The data therefore suggest a 
variation in a movement of surface water from the bay, 

again suggesting a time-dependence in the outflow. 


Such a time-dependence could be expected to have 


a distinct influence on the pattern of surface movement 


Seaward of James Bay, but direct evidence is not available, 
Some secondary evidence has been mentioned, for example 
drift bottle data and the distribution of freshwater, but 
there is one other which should be noted even though quite 
speculative, This relates to the distribution of ice 
within Hudson Bay during the summer which exhibits lingering 
ice, or a pattern of last ice, in the southwest (Anon., 
1970e; Danielson, 1971) due in part to movement of ice 
from the north during the early part of the breakup period. 
Later the ice appears to stagnate in the southwest with 
little or no tendency to move and, in particular, no 
tendency to move with anti-clockwise movement around the 
coasts presumed to exist. 

Zee. coal nity 

Various distributions based mainly on the 1959 
data are included in the final group of figures (Figures 
21 to 24). Generally, the material was difficult to 
interpret and in some distributions certain of the data 
are not included. 

The distribution of salinity at the surface and 
at 50 m (Figure 4) within Hudson Bay and James Bay is based 
on bothy the 1959¥and 1961 data. sSurfaceusalinity was 
generally low and ranged from 32.5 °/oo in northernmost 
Hudson Bay, to 27 °/oo in the approach to James Bay and 
to less than 10 °/oo at the head of the bay, most of the 
decrease occurring in the southern part. Salinity values 


in excess of 31 °/oo were observed at 50 m in the approach 
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to the bay and a marked north-south gradient extended well 
into the bay. 

The 1959 data are utilized in the illustration 
of the longitudinal distribution of surface and bottom 
salinity (Figure 12) which emphasizes both the strong 
gradient at the surface toward the head and the marked 
vertical stratification or structure. It seems likely 
that stratification is a permanent feature of the 
oceanography of the bay; a feature which may become more 
pronounced seaward of the major rivers in winter to the 
extent that freshwater occurs under the ice. Such a 
circumstance has been observed in Kugmallit Bay (Barber, 
1968b) just east of the delta of the Mackenzie River and 
in Tuktoyaktuk Harbour. The spatial distribution of the 
freshwater layer seaward of Kugmallit Bay was not observed, 
but it was visualized that the freshwater moved eastward 
close to the coast within a surface layer and with little 
mixing with deeper salt water. As entrainment of salt 
was minimal the normal estuarine type of circulation did 
not exist and it was possible to discern an exchange process 
due to tides. In James Bay, however, the rms value of 
the tidal current appears somewhat larger than in Kugmallit 
Bay so that tidal mixing may be considerable. This would 
tend to remove stratification so that the layer of 
freshwater suggested here may exist only in the immediate 
vicinity of the various estuaries. Nevertheless, in order 


to emphasize the lack of data and the considerations in 
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Other sections about the coupling to Hudson Bay, the layer 
is shown (Table 1) as extending to Trodely Island. 

It was suggested earlier (section 1.2) that in 
the approach to James Bay a surface layer probably existed 
within which seasonal changes of temperature and salinity 
could be recognized; the salinity change was due to 
variations in the annual ice cover. Observations at about 
one location in a section across the mouth of the bay 
(Figure 13) support the view that such a change occurs, 
but the extent to which it reflects the influence of the 
annual ice cover as opposed to annual runoff is not known, 
expect that at positions in the section close to the west 
and east coasts, a variation in salinity occurred which 
is believed due to runoff (Figure 24). 
2ni2eoe oecchi, disk depth 

The distribution of Secchi disk depth in James 
Bay in 1959 and Hudson Bay in 1961 during the period of 
navigation of those years is shown in Figure 14. Least 
values occurred in James Bay where depths less than 2 m 
were observed in the south and where in general the depth 
appears to have been ‘less’ than 5° m. " in’ the “approach ‘to 
James Bay values to 10 and 15 m occurred. Over much of 
Hudson Bay readings were close to 15 m with a significant 
number to 20 m and an occasional (2) reading to 25 m. 

The relatively low values in James Bay may be 
due to a sediment load associated with the large inflow 
of freshwater from runoff, although other factors could 


be of equal or greater significance. Langford (1963) 
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SECCHI DISK 
Depth in meters 
Contour interval 5 m 


Figure 14. 


The distribution of Secchi disk 
observations in James Bay and 
Hudson Bay based on data observed 
in «1959 «(Grainger ,241960).and in 
LIOlA(Anon 3,i21964a)); The solid 
circles indicate the location of 
the observations. A dashed 
contour indicates one additional 
to the regular contour interval; 
a dotted contour indicates a 
doubtful interpretation. 


considered that as the sediment load of the Moose River 
appeared small in summer months it must be large during 
the spring freshet. The north-south gradient at the mouth 
of James Bay does not appear to be reflected in the 
distribution of either the surface salinity (Figure 4) 
or the freshwater content (Figure 11) as might be 
anticipated. A tentative conclusion is that the relatively 
low Secchi disk readings in James Bay represent the 
influence of that portion of the input of freshwater derived 
from runoff*, as opposed to that derived from the ice cover 
of the previous winter; the gradient across the mouth would 
represent the "front" of the seaward moving freshwater 
from runoff. This suggests that the stored volume of 
freshwater within James Bay derived from rivers entering 
there may be distinctly time-dependent. Secchi disk depth 
would then be time-dependent, and so might sediment 
deposition. 
a a al SoA ake ca neg 2 ie li lA tS ar Me th Re tnt: no 
*It was anticipated that the optical difference of the sea 
surface caused by the sediment laden runoff into James Bay 
during the spring and early summer might be visible in APT 
optical photography. While the available data are not 
sufficient to allow a study of this, it does seem that the 
contrast is so slight that a muddy water would not be 
recognized. On the other hand, Taggart et ale, CLOGS D190} 
were able to detect tone variations in the APT photography 
of the bay in September which they related to the shallow 


water there. 
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The latter feature could lead to the existence 
of annual varves in the sub-bottom vertical sediment 
structure. Leslie (1965, p136) studied the sediment core 
obtained at "Theta" station 104 in the approach to James 
Bay but did not indicate the existence of varves. However, 
he did suggest that the bay is an important source of finer 
material in the bottom sediments of Hudson Bay. He remarked 
(p18), "North and east of James Bay the bottom sediments 
consist mainly of medium grey silty clay," and (p20), 
"James Bay is the source of medium grey sediment along 
the southeast coast and around the Belcher Islands. Rivers 
flowing into James Bay drain the region to the south which 
is underlain by soft Mesozoic shales and siltstones. Much 
of this fine detritus is carried into James Bay and thence 
into Hudson Bay". This distribution of sediment finer 
than 2mm in diameter as deduced by Leslie (1964) is shown 
in Figure 15. The area of silty clay, which apparently 
originates in James Bay, extends to the north and east 
and the westward in the northernmost part of its 
distribution. The distribution is compatible with present 
knowledge of the circulation; the main feature of which 
is believed to be an anticlockwise movement around the 
bay with relatively strong northerly currents along the 


east shore. The westward extension may reflect the 
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Figure 15. A re-presentation 
Of -Figure,s of 
Leslie (1964) the 
caption to which 
read, "Distribution 
of bottom sediment 
finer than 2mm in 
diameter, or the 
predominately water- 
deposited material". 
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Figure 16. A reproduction of the distribution 
of surface temperature in Hudson 
Bay in 1930) (from Hachey, 1931b 
his Pigure 8)... 
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influence of a pattern of water re-circulation* within 
Hudson Bay. 

2.3 Some recent observations within the system 

Wendland and Bryson (1966; 1967) obtained surface 

temperature data in Hudson Bay using airborne radiation 
thermometry and concluded, "A signature of last ice of 
Hudson Bay apparently can be located throughout the 
remainder of the ice free season". They attributed the 
persistence of the feature to the "Stratification of the 
upper layer of the Bay"; a stratification in salinity due 

to melting ice. It seems that such stratification could 
have quite the opposite effect and also it seems that other 
factors could be important including the ice cover itself. 
Nevertheless, the existence of such a "Signature" in the 
temperature distribution at the surface appears to be 
entirely possible as other summer data reflect such an 
influence and it is known that each year a characteristic 
pattern of ice dissipation, from north to south, can be 
expected (Markham, 1962, p6; Larnder, 1968, p335; Danielson, 
1971). The 1930 data of Hachey (1931b) are an exception, 
for not only is a signature not apparent (Figure 16) but 
also the surface temperatures, particularly in the west and 
Pes ee ca ie as ae ai Ns aed oR Rie ee ib eed BER awed eho 
*A (drift) bottle set adrift in 1952 at a position off the 
northeast coast of Hudson Bay, 10 miles west of Povungnituk, 
was found in 1968 on the southwest shore, 4 miles northwest 
of the Kaskattama River (Richard H. Russell, personal 


communication). 


in the south, are relatively high. Of the 1930 data Barber 
(1967, p7) remarked, "...There does not appear to be any 
effect due to a recent ice cover or accumulation of ice 
as in the 1961 season". He also remarked (p7) that 1930 
may have been a light ice year, but this is quite 
speculative as the data (Anon., 1931) on the distribution 
of ice are few. Of these the second voyage of the tug 
"Ocean Eagle" during July 10 to 18, 1930 suggests a 
Scattering of the ice (pl4 and 15) eastward of Churcenia 
rather than a concentration. If a subsequent movement 
did not concentrate* the ice in 1930 it is possible that 
a condition similar, to the unusually open season of 1962 
occurred. In this, the main portion of the bay seems to 
have been effectively clear of ice by August.1, (Anon., 
1963) so that there would have existed sufficient time 
and open water for the surface waters to have been warmed 
by insolation in 1930 to the extent indicated by Hachey. 
*Ice was observed off Port Harrison on August 8 and 9 in SS 
"Nascopie" (Anon., 1931, p19) and "loose ice" was observed 
in SS "Ungava" (p21) on August 2 at a position (Se Gus. 
82°58') west of the northernmost Belcher Islands and north 
of Cape Henrietta Maria on a voyage to Charlton Island. 
Both support the considerations that the ice condition in 
1930 was similar to that of 1962 and not similar to either 
1967 (Anon., 1969, Figure 16) or 1969 (Anon., 197le, 


Figure 16). 
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It is a tentative conclusion that in some years the 
"signature of last ice" may not be apparent. 

That 1967 would not likely be such a year was 
predicted from study of satellite imagery and of ice 
forecasts (Anon., 1967b) which indicated that an open water 
situation was well-defined in northwest Hudson Bay and 
close along the east coast by about May 11. Subsequent 
imagery indicated increasing open water in the northwest 
and little or no open water along the east coast where 
it had been earlier observed. The latter change suggested 
a movement or "pressure" from the west to east. As well, 
there was little evidence of open water in the eastern 
half of the bay prior to the end of June; indeed, some 
ice persisted in the area south of Coats and Mansel Islands 
to the end of July (Figure 17). An open water condition 
along the west coast toward the Bay of Gods Mercy was 
interpreted from the imagery of April 28; a condition which 
has been described (Dunbar and Greenaway, 1956, p418; 
Bowley, 1969, p13). Another feature was the persistence 
of an ice boundary in Roes Welcome Sound throughout the 
period April 28 to July 12 (Figure 20a). In 1961, aerial 
reconnaissance indicated open water throughout Roes Welcome 
Sound on July 13 (Archibald et al., 1962, their Figure 
8) and the relatively high (25 kg cal cm~2) seasonal heat 
storage to about the latitude of Wager Bay (Barber, 1967) 
indicated that open water had occurred there early in the 
season and persisted up to the time of the temperature 


observations. Clearly, the heat storage in the area in 
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Figure 17. The distribution of open water in 
Hudson Bay about the end of 
July, 1967 from Ice Forecasting 
Central, Department of Transport, 
Hale fase. 
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1967, if observed, would have proved much less than in 
1961. Similarly the slow development of open water in 
the east suggested that the absorbed incoming shortwave 
radiation, and hence the surface temperature and seasonal 
heat storage of the water, would be much reduced. This 
prompted a request to the Department of Transport for 
bathythermograph observations in the northeast. These 
were obtained by CCGS "Labrador" (Anon., 1968) and revealed 
that the seasonal heat storage was low (Figure 18), 
certainly much lower than occurred at about the same time 
in 1961 (Barber, 1967). The subsequent airborne survey 
in late August (Wendland and Bryson, 1967, their Figure 
3) indicated a relatively low surface temperature, which 
confirmed that in the eastern portion of Hudson Bay the 
peak of the seasonal heat storage was less than average. 
Hence their conclusion concerning the "signature of last 
ce... 

On the other hand surface temperature data observed 
between the Bay of Gods Mercy and Churchill about mid-July 
in 1967 (Figure 19) indicated a level of temperature close 
to that observed about the end of July in 1961 (Barber 
and Glennie, 1964, their Figure 17). If it is assumed 
that the development of the surface layer was similar in 
the two years, then it is a tentative conclusion that the 
peak value of the seasonal heat storage there was at least 
as great in 1967 as in 1961. 

More recently, the 1969 season in terms of 


development of open water also appears to have been 
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Figure 18. The distribution of the seasonal heat 
storage in late July, 1967 as 
interpreted from bathythermograms obtained 
Unwetheve.C.G 715.  babradomee 
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Figure 19. The distribution of sea 
surface temperature as 
observed July 12 and 13, 1967 
uSing an airborne radiation 
thermometer (from Wendland 
and Bryson, 1967, their 
Figure 1). 
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anomalous for, "in southern Hudson Bay final clearing after 
mid-September was the latest on record “(Arnone 197 le, 

pl); the persistence was related to the occurrence of "some 
heavier than usual ice" (p42). At the same time the 
existence of, "Broad areas of open to close pack ice," 

west of Belcher Islands to August 20 (p42) was also 
considered unusual as was the, "Break-up and disintegration 
of ice which was earlier than normal in northern Hudson 
Bay..." (pl). “The distribution’ oft ™rce in May? anddune 
strongly suggested the influence of advection due to wind 
and examination of the data indicated that winds from the 
west through to north occurred 75 percent of the time at 
Chesterfield, i.e. about 25 percent greater than normal. 
This pattern of wind no doubt contributed Etortheseariier 
open water in the north and to the observed accumulation 

of ice toward the south and east. It is suggested that 

the accumulation here was such as to maintain a high average 
albedo well into the normal melting season and was a factor 
in the persistence of the ice cover there. 

The deeper temperature data of 1967 (Figure 20a), 
while limited, suggest the existence of a slighly warmer 
water, to -0.9°C, in a tongue-like distribution southwest 
of Coats Island similar to that observed in September 1962 
(Figure 20b). Such warming is thought to be due to downward 
mixing of heat absorbed at the surface in that season, 
but was not considered to occur as early as observed in 
1967, i.e. as early as the end of July. It seems possible 


that the extensive open water in 1967 in the northwest 
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Ceptnerin. 96 /andel 9622. @Ca)) -h rome the 
1967 "Labrador" bathythermograms. 

The edges of open water at the dates 
indicated are an interpretation by the 
author of satellite (APT) imagery. 

(b) From the 1962 "John A. Macdonald" 
serial datas (Anon. L966) 
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may have contributed to this result which, due to the 
similarity in open water, probably occurred again in the 
1969 season. 

There is one major caveat here concerning the 
1967 data and that is they are the result of but one 
instrument, i.e. one bathythermograph, so that both the 
values and pattern (Figure 20a) are suspect. The chances 
are, however, that the bathythermograph data are 
appropriately used here relative to the assessment of heat 
storage. It is realized that this may not be the case 
for all data observed within the system, for certain of 
the apparent differences are disconcerting. The most 
recent example is that of Pelletier et al. (1968) who, 
even though aware of earlier interpretations, could report 
for Hudson Bay, temperatures to -2.0°C (their Figure 4 
and p565) and salinities in excess of 34.0 S/oo (their Figure 
6* and p565) without particular comment, either to the 
precision of the observations or their relevance. Such 
extreme values were reported on earlier occasions, but 
at a time when data were relatively few. For example 
Campbell (1964, p49) reported temperatures to -1.97°C and 
salinities to 34.07 °/oo at unusually shallow depth in Foxe 
Basin. 
*Their figure 6 indicates a value of 35.56 °/oo which may be 


an error in the preparation of the illustration. 
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The existence of such extreme value generally 
leads to conjecture about the process which forms the 
water; a process which may be a major feature of the 
oceanography of the region. A consideration of all the 
data led to the definition of the probable winter surface 
Salinity (Barber, 1967) and to a simple model (p54) of 
the Hudson Bay system. The model also served as a review 
of earlier concepts and emphasized that these were hampered 
through lack of winter data. Hachey (1931b) realized this 
and developed the view that, "the waters of Hudson Bay 
differ markedly from the waters of Hudson Strait and the 
waters of the open ocean". Of course he was not aware 
that conditions in Hudson Strait exhibit marked seasonal 
variation. He was led (Hachey, 1954) therefore to consider 
the evolution of Hudson Bay water alone and offered two 
conjectures. In one was visualized removal of the observed 
summer low salinity surface layer prior to freeze-up, so 
that water cooled at the surface would sink ae become 
the deep water. In a variation, he visualized that water 
initially at the surface in winter in Hudson Strait moved 
into Hudson Bay replacing a less-dense seaward flowing 
water. In the other he suggested a movement "of deep, 
cold, saline water" into Hudson Bay from Foxe Basin; the 
origin of such water remained a question. Campbell (1964) 
expressed his accord with the latter hypothesis, describing 
observations made in 1955 and 1956 in support, and developed 
a theory wherein the cold high-salinity water in Foxe Basin 


was directly related to the production of winter ice in 
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the extensive inter-tidal zone (tide flats) of Foxe Basin. 
Apparently he considered the "exposure" of the tide flats 
the significant feature in the process and visualized the 
production of a “concentrated brine SOlLUCION: +f NO prrmary 
evidence which might lend credence either to the existence 
of such a brine solution, or to the main hypothesis, was 
presented. However, the described data are important as 
they demonstrate the existence below sill depth in Foxe 
Channel in both years of a high salinity water (about 33.7 
©/oo) close to the freezing™ point. *) This ‘conditioning emust 
have occurred at the surface in association with cooling 
during the winter months. The water so conditioned would 
sink and move away, if not depth limited, from the source 
area Gastward into’ Hudson’ Strait, and intor Hudson) Bay, 
enhanced perhaps through increased heat losses in areas 

of open water, including tiderriatses  Thesextentfofeopen 
water in the system at this time is not known; however, 
amounts likely significant in the formation of the water 
are believed to occur in northern Foxe Basin, throughout 
Hudson Strait, Foxe Channel, and Frozen Strait to Roes 
Welcome Sound. 

Looking beyond the system, it is suggested that 
the process would be favoured by an extension of the Baffin 
Current into Hudson Strait along the north shore and into 
the area of Foxe Channel. The evidence for such a current 
during the winter is limited, but it is the hypothesis 
that it exists and in association with a process similar 


to that described by Mosby (1934) for the formation of 
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a cold, saline water on the Antarctic continental shelf, 
particularly in the Weddell Sea. In this, he elaborated 
the conclusion of Brennecke (1921), that the deep and 
bottom water of the Antarctic is derived in part from an 
extremely cold and moderately saline water formed in winter 
through cooling at the surface and freezing on the shallow 
shelf. Mosby emphasized the importance of horizontal 
movement whereby the surface water sinks and moves away 
from the source area, and off the shelf. The similarity 
of the situation in the Antarctic with that observed in 
the Foxe Basin - Hudson Bay system is heightened for 
according to Mosby jseiportion, of ithe winter-formed, water 
is prevented from mixing into the Antarctic deep through 
the existence of a limiting depth. Thus, it retains its 
main characteristics, i.e. like the deep water in Foxe 
Channel a temperature very close to the surface freezing 
point.!| / (it iwasmthese, data, .specifiically those,,at 
"Deutschland" station 125, that led Brennecke to the 
hypothesis concerning the formation of the winter shelf 
water, and its subsequent contribution to the deep water. 
Deacon (1937) and Fofonoff (1956) have contributed further 
to the understanding of the process. 

In the situation for Hudson Bay it is thought 
that the observed cold and saline water at depth in Foxe 
Channel is the result of the cumulative effects of cooling 
and ice formation at the surface of the current throughout 
its movement along the east Baffin Island coast, into 


Hudson Strait, and into Foxe Channel and Foxe Bastin. Lt 
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is not recognized as a distinct water outside the system 
in the Labrador Sea because it is too dense to remain at 
the surface and is not sufficiently dense to participate 
in the formation of a distinct bottom water. It must then 
contribute to an intermediate water there. 

An assessment of this contribution will not be 
attempted here, although it is of major interest, for" it 
seems that much more needs to be known of the influence 
of Hudson Strait, where intense mixing due to tides leads 
to a further modification of water characteristics. These 
subsequently became recognizable within Hudson Bay through 
an inward movement associated with the estuarine 
circulation, which in effect results in considerable 
recirculation, i.e. the coupling of the system to the 
Atlantic through the estuarine circulation is limited by 
mixing in Hudson Strait. 

Assessments of plankton data by Grainger (1961) 
and Bursa (1961) showed that both Atlantic and Arctic 
plankton types were found in Hudson Bay, and Grainger 
(1962) made a similar observation with regard to Foxe 
Basin. Ina study of the distribution of three species 
of copepod, Grainger (1963) showed that while two Arctic 
species were widespread in Hudson Bay, the Atlantic was 
not. Huntsman (1954) in a discussion of the production 
of life in Hudson Bay outlined a number of reasons for 
the apparent low productivity as compared to areas at 
similar or higher latitude and, while appearing to emphasize 


the "lack of heat," concluded that as yet the data are 
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too few "on which to base proper judgement". Other factors 
which might influence the "apparent low production" 
(Grainger, 1968, p357) include "the effects of long periods 
of ice cover" (p358) and consequences related thereto. 
Dunbar (1970) on the other hand apparently considers 
nutrient levels to be important. He suggested that the 
oceanographic regime of Hudson Bay would be altered if 
the "supply were cut off" of Arctic water moving eastward 
through Fury and Hecla Strait. He considered the 
significant alteration would occur in the stability which 
would become less and as a consequence of mixing processes, 
more of a nutrient of the deeper water would become 
available to the surface layer, where productivity would 
increase. Of a number of questions which might be raised, 
that concerning the influence of Hudson Strait seems the 
most important. It is visualized above that mixing 
processes in the strait determine to considerable degree 
the distributions within Hudson Bay, such that a change 
in a surface water characteristic, e.g. to a higher 
Salinity, would be reflected in a change in the same 
direction in the deeper water. Thus, a decrease in the 
contribution to the system of low-salinity surface water 
brought about by damming Fury and Hecla Strait would lead 
to an increase in salinity throughout, perhaps with little 
change in stability. 

It seems that Dunbar assumed that the nutrient 
level in the deeper water is high, but this may not be. 


Should the uncoupling and recirculation suggested here 
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be significant it is possible that the level of nutrient, 
or of a nutrient, may be generally low throughout the 
system (it may be that the limited occurrence of Atlantic 
copepod there may also be a partial result of this 
uncoupling). 

Nevertheless, it would be of interest to 
demonstrate that Dunbar's secondary consideration is indeed 
possible, i.e. that productivity would increase in a region 
of annual ice cover were the level of nutrients increased. 
As noted, data are not available for Hudson Bay, but the 
evidence for some other areas with ice cover indicate that 
a depletion of at least one nutrient occurs by mid-summer 
(Apollonio, MS undated; McLaren, 1969). If this is so, 
it seems that an experiment (McLaren, 1969) in which 
nutrient is applied to a relatively isolated (uncoupled) 
body of water in order to avoid the development there of 
a period of nutrient depletion might provide a useful 
result. Omarolluk Sound is suggested as a suitable site 
should it be determined that the nutrient depletion occurs 
there. 

A further consideration here relative to Hudson 
Bay is that of the dissolved oxygen. It seems that it 
is characteristic of the water in Hudson Strait to be near 
saturation levels, from which it follows that the moderate 
depletion of oxygen observed in the deeper water of Hudson 
Bay occurs entirely within the bay. If the consumption 
there were known, it would be possible to estimate an age 


for the oxygen depleted deep water. This is apparently 


not known, but is likely about the 0.21 ml/l/year suggested 
for the North Atlantic by Riley (1951). Assuming about 
80 percent is retained after leaving the surface and 
subsequent oxidation of surface nutrients (Redfield et 
al., 1963), then the age is in the range 5 to 7 years. 
2.4 Longer term change within the system 

Bailey and Hachey (1951) recognized that the 
general level of salinity observed by Hachey (1931b) in 
1930 in Hudson Bay was low. They compared the data to 
observations made in 1948 and suggested that the observed 


difference was due to an increased Atlantic influence. 


It was suggested (Barber, 1967, p55) that it is not possible 


through study of other data to reject their hypothesis. 

In the latter work and in Bailey and Hachey (1951) it 
appears to have been assumed that the tabulated depth and 
salinity values (Hachey, 193lb, p96) are without more than 
the usual error. 

Tt-1s not Gifficult ‘to taccept the assumption as 
regards the salinity data for, although they are generally 
low, it is possible to see in the observed distributions 
Similarities with more recent data. For example, the 
distribution in Hudson Bay at 50m (Hachey, 1931lb, his 
Figure 4) can be interpreted so that the pattern is 
compatible with a 50m distribution shown here (Figure 4) 
based on much more data. However, there are two salinity 
values in Hudson Strait, each at 200m depth at stations 
57 and 48 (Hachey, 1931b, p96), which on the basis of all 


the data are 0.5 °/oo lower than is to be expected at the 
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depth. At nearby station 58 the salinity values within 
the surface layer, 32.5 °/oo, are appropriately high. Thus, 
the data in Hudson Strait and in Hudson Bay suggest that 
if a persistent error exists it is not in the salinity 
and could be in the depth. 

Depth data presented in the report of the 1930 
observations (Hachey, 193lb) are of two kinds. One is 
the depth to the bottom at each station (p95) which when 
plotted appear to fit current information. The other data 
are the tabulated value of the serial samples (p96). A ‘ 
feature of the tabulation is that each is at a "nominal" 
depth. This could, of course, be easily achieved, 
particularly in Hudson Bay where water movements are 
generally small. In Hudson Strait, however, strong water 
movements are known to exist so that extraordinary 
consideration would have had to be given in order to achieve 
a desired sampling depth, particularly in the circumstance 
that a cast comprised a lowering of only one reversing 
bottle s(Hachey,, 193 1b). p95) weelt: is snqaqestedutivatathie 
did not occur and consequently the depth data are liable 
to more than the usual error. Consideration of the validity 
of the hypothesis of Bailey and Hachey (1951) must therefore 
include an evaluation of the precision of the depth data. 

It does appear therefore that there is little 
good physical evidence on which to base hypothesis for 
recent changes of marine climate, i.e. beginning about 
1930. It seems that such hypotheses were of much interest 


in about the late 1940's and early 1950's, e.g. Dunbar's 


(1951) extensive work, so that even limited data in rather 
complicated fiords were used to suggest the existence of 

change (Nutt and Coachman, 1952); more recently such data 
were said to "document" a change in the water of the fiord 


(Coachman, 1969, p215). 


3. Discussion 

The region is ice and snow covered for much of 
the year so the extent that the relative DILOpOrelonmor 
land and water areas are altered by the project would not 
have a major influence during the winter because the ice 
and snow largely serve to uncouple the underlying ground 
or water and the atmosphere. This uncoupling and the fact 
that the winter climate is due to air mass movement of 
global scale suggests that if the project is to have an 
influence on the water it would occur at other seasons, 
we know that the world ocean is largely buffered against 


change and that the James Bay Project would not have 


significant impact were the project not located in a system 


so uncoupled from the world ocean. The limitation to the 
coupling is due largely to processes within the system 
including tidal mixing in Hudson Strait 92 Iniafames Bay 
the coupling to Hudson Bay is also limited, but through 
a weak convective circulation. It seems that the project 
could influence this convective circulation. 

It is characteristic that the freshwater from 


runoff entering James Bay would lead to the observed layer 
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of low salinity water in the surface and to a distinctive 
pattern of circulation. The freshwater moves seaward in 
this surface layer, entraining salt from below and 
eventually leaves the bay as salt water. The outward 
movement of salt is balanced, during some time interval, 
through a sub-surface inflow of water of relatively high 
salinity so that: 

iva seit Wey Shy 


As the freshwater moves seaward at a rate equal to the 


supply then: 


If these be applied in the section across the entrance 
where S; and Sg may be 29 ©/oo and 22 °/oo respectively, then 
the inflow is three times the runoff; thus the net transport 
is a significant part of the total circulation. 

Present evidence indicates that the strength of 
the outflow is strongly time-dependent, presumably in 
association with seasonal changes in the volume of runoff. 
The outflow would probably be a maximum at some time after 
the peak in runoff in early summer. Earlier, in late 
winter, a minimum in the runoff is indicated about which 
time a minimum in the outflow would occur. As well, the 
runoff would occur to a region covered with ice and may 
not entrain the deeper seawater to the same extent as when 
not ice covered. The energy for mixing is believed input 
to the system from tides, wind and surface processes of 
heating and cooling. An ice cover would reduce the 


influence of wind considerably as well as of the other 


Surface processes, so that mixing would be less under an 
ice cover and the volume of the inflow would be even closer 
to that of the runoff than it is in the late summer. 

The significance of the foregoing is that the 
runoff does not provide a strong coupling to the water 
of Hudson Bay, i.e. the estuarine circulation is relatively 
weak, so that changes in the pattern of runoff may not 
change the coupling significantly. Should changes in the 
extent of the ice cover occur, say to decreasing cover, 
then an increase in the coupling could be expected and 
a greater forced circulation would result. However, the 
return flow comprises a relatively cold water jg-174 ° sro 
-1.0°C, so that an increased coupling during the summer 
(period of heating) would tend to a colder surface layer. 
Conversely, uncoupling would tend toward a warmer surface 


layer. 


For example, if James Bay were completely uncoupled 


from Hudson Bay through a physical barrier across the 
entrance, except that an outflow occurred to balance the 
inflow as in a lake, then a direct influence of Hudson 

Bay water would not occur. Eventually the bay would likely 
contain freshwater only, which would be warmer than now, 
probably close of 4°C in the deeper water, and would likely 
undergo a wider range of temperature in the surface as 

a greater storage of seasonal heat would take place. An 
ice cover would still form and would likely be similar 

to that which occurs now. The sum of the radiative and 


turbulent flux terms in the annual heat budget would be 
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close to zero, as it is now believed to be (assuming the 
average temperature of the inflow is the same as the 
outflow), but the average temperature would be higher 
throughout. 

If the coupling were somehow steadily increased 
the water in the bay would tend toward that of Hudson Bay, 
in particular toward that comprising the inflow, i.e. 
toward a water of salinity 29 ©/oo and temperature about 
-1.4° to -1.0°C, but eventually without an ice cover. 

Of course this situation would not likely be achieved, 

for processes within James Bay would, at some stage, begin 
to influence distributions within Hudson Bay, L.egonhie 
radiative and turbulent flux terms of the heat budget would 
show a large deficit which could only be balanced by 
advection of water from Hudson Bay. It seems, therefore, 
than an increased coupling to Hudson Bay would tend to 

a decrease of water temperature, while a decrease in the 
coupling would have the opposite result. An increase in 
the runoff to James Bay, for example by diversion from 
Grande Riviére de la Baleine, would increase the coupling, 
while the smoothing of the runoff so that a greater portion 
occurs under an ice cover would tend to reduce the coupling. 
It does not seem possible now to provide a auantitative 
estimate of the results which may be anticipated, except 
that the influence of the smoothed runoff would be greater. 
This would decrease the coupling in summer so that the 
water in summer would tend to be warmer, or at least would 


tend to store more heat. Most of this heat would be given 
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off during the period of net heat loss prior to ice 
formation. During the latter part of this period rather 
massive losses occur, perhaps as large as 500 - 600 g cal 
cm™ 2 day7l, so that in order for the time of formation of first 
ice to be influenced, the stored heat would have to be 
appropriately large. An estimate of the difference has 
not been possible. Neither has it been possible to 
determine the changes which might be brought about in the 
average pattern of ice cover. 
In this simple analysis it is assumed that changes 
in the surface condition in Hudson Bay, mainly that of 
the ice and snow cover, will not occur. There is, however, 
the possibility, described in earlier section (2.2.1), 
that the present distribution of ice in early summer there 
may reflect the inferred strong time-dependence in the 
outflow at the surface from James Bay. Some conclusions 
might be possible were we to achieve an understanding of 
the factors which determine the present average situation. 
Winds, which are generally from the northwest 
and north early in the breakup, have generally become light 
and variable by mid-July and continue so into August. 
Thus, after creating an accumulation of ice toward the 
south of Hudson Bay by about the end of July, the wind 
has little or no influence so that no subsequent ice 
movement occurs due to wind. Furthermore, there is evidence 
that during this period of stagnation the freauency of 
both cloud cover and fog is increased so that less 


insolation reaches the ice surface and melting is retarded; 
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complete clearance of the ice may not occur till about 
the end of August on the average. 

In conclusion, it seems likely that advection 
is not a significant factor in the total heat balance of 
the system and although a real understanding of the relative 
influence of inflows and outflows and of processes is not 
achieved, the system within Hudson Strait appears to be 
closed rather than open. This tentative result emphasizes 
the importance of the radiative and turbulent flux terms, 
i.e. the mainly climatic factors, which in turn reflect 
the influence of a process global in scale, at least in 
winter through to early summer, which determines the nature 
of that important variable the surface condition, at this 
time either ice or snow. Within the system the water of 
James Bay is not strongly coupled to that of Hudson Bay 
but as similar climatic conditions prevail so the surface 
condition is one of ice or snow for a significant period. 
It does not seem likely that the project could measureably 
influence the coupling of the system to the world ocean. 
It could, however, influence the coupling of James Bay 
to Hudson Bay to the extent that a greater storage of heat 
may occur within James Bay during summer after breakup 
and influence the distribution of ice in the approach to 
the bay during breakup. Thus the impact of the James Bay 
Project on the system will be relatively small and it may 
be necessary, in order to assess the impact, to acquire 
a particularly extensive body of data; a significant portion 


of which should be obtained during the period of ice cover. 


At other times it may be possible to utilize remote sensing 
techniques to considerable advantage; although the fact 
that the peak of the present runoff occurs when there is 
still considerable ice cover emphasizes the difficulty 

of the field problem. Of particular value now would be 
information on the water structure over a period of a year 
at one postion within the bay, although data in sections 
seaward of Rupert Bay, Fort-George and Poste de la Baleine 
and eventually at Inoucdjouac would be preferred. Part 

of the field programme could be based on relatively simple 
oceanographic instruments with a frequency of observations 
about once a week and perhaps sustained by residents there, 
at least during the period of ice cover, as occurred at 


Tuktoyaktuk (Kelly, 1967, p8). 
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A ~re-presentation of Figure 8 of Leslie (1964) 
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predominately water-deposited material". =) 
A reproduction of the distribution of surface 
temperature in Hudson Bay in 1930 (from Hachey, 

H9Sib his Figure &). 4S 
The distribution of open water in Hudson Bav 

about the end of July, 1967 from Ice Forecastina 
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The distribution of the seasonal heat storage in 
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Distribution at various depths of salinity (0/oo) 

and temperature (° C) as interpreted from the "Calanus" 
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Figure 23. 


Figure 24, 


Page 
shown in Figure 21 and the date of sampling 
in Table 2 where it may be seen that the interval 
between occupations was relatively long. 
(a) *surtace. >) L0m, ic) 25m.) (a) 630m, (e)" 50m, 
(f) Deepest. 85 


The distribution of oxyty (ml/1) from the "Calanus" 
data of 1959 at the depth of deepest observation. SP 
The distribution of temperature, salinity, dissolved 
oxygen and o+ in a section across the mouth of James 
Bay. (a) From "Theta" stations 102 to 196. (b) 

From "“Calanus”™ Sstatvone 57), 597/70 ,2 G2ecand 65. 


(c) From “Theta” ‘satvons 246 to 250. 93 


7. Appendix 
Figures 21, 22, 23 and 24 based mainly on the "Calanus" 
1959 data (Grainger, 1960), but including some of the 


"Theta" data (Anon., 1964a). 
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Figure 21 The approximate location 
of some of the stations 
occupied by "Calanus" 
_in eS) (Grainger, 1960). 


Figure 22. Distribution at various depths 
of salinity (0/oo) and temperature 
(°C) as interpreted from the 
"Calanus" data of 1959. The 
positions of the stations are 
shown in Figure 21 and the 
date lotr sampling in Zable 2 
where it may be seen that the 
interval between occupations 
was relatively long. 
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Figure 24. 


The distribution of temperature, 
Salinity, dissolved oxygen and 
Of in a section across the 
mouth of James Bay. (a) From 
“Rhetat™ stations 1020°t6l1 96. 

(b) From "Calanus" stations 
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1. The data available 

James Bay (frontispiece) because of its subarctic 
climate and its inhospitable shores has not attracted a large 
permanent population around its rim. Scientific information 
about its geography, bathymetry and oceanographic characteristics 
has been acquired in a succession of hesitant steps. Its 
extensive flats, its hundreds of islands and reefs make most of 
mepvartually 1maccessible to any, hydrographic vessel. “This 
Severe: limitatironson ship tratlLic inhibits any morlivations.or 
acquiring more extensive soundings with the help of launches, an 
expensive and time-consuming project. As a consequence the 
bathymetric information, aboutrthe western and castern sides of 
James) Baysconsistssmostilysot blanks. MMhesextent of soundings in 
the central portion of the bay however, suffice to delineate a 
relatively deep channel of depths exceeding 25 m, extending from 
its mouth down to the west side of Charlton Island, while the 
remainder of the bay remains very shallow. 

Temporary tide gauges have been installed at odd 
stations at irregular time intervals and records of short 
duration have been accumulated. The majority of stations were 
established on islands such as Bear, Strutton, Charlton and Stag 
Islands, as well as inside sand and sediment choked rivers such 
as La Grande-Riviére, Eastmain, Moose and Albany. None of these 
observations can be considered of good quality with the exception 
of those carried out in the Moose River (Langford, 1963). Asa 
matter of fact, the careful observations in the Moose River, 


which monitored currents and water levels from well outside the 
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estuary up to the Government Wharf in Moosonee at the foot of 
rapids, help assess the representativeness of the observations 
gathered at the other stations. For instance the tide takes 
2 1/2 hours to travel the 13 nautical miles from Sand Head to 
Moosonee; therefore, one must expect a lag of the same order of 
magnitude between the tide recorded at other trading posts 
located at the head of rivers and the tide present in their 
respective estuaries, which makes such observations quite 
unrepresentative of what is happening in James Bay proper. The 
observations gathered at the island stations should represent the 
actual tide in James Bay more adequately. Even at that, there 
exists a peculiar phase difference between the M2 tide observed 
at Charlton Island and Strutton Island which might be accounted 
for by the very sheltered position of Charlton Depot. 
2. Cotidal charts using the gauge observations 

and a one dimensional model 

With the help of these rather sparse observations and 
the use of a simplified one dimensional model of James Bayiy vitae 
still possible to gain a fair idea of the progression of the tide 
inside the bay and of its change in amplitude. 

The tidal wave which progresses along the southern rim 
of Hudson Bay is strongly refracted around Cape Henrietta Maria 
and enters James Bay as a damped progressive wave. Its advance 
appears to be considerably retarded in the vicinity of Akimiski 
Island and it eventually reaches Hannah Bay and Rupert Bay seven 
hours after it has rounded Cape Henrietta Maria. Its amplitude 
is larger on the western and southern portions of the bay due to 


the presence of a degenerate node of the semidiurnal tide on the 
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eastern side of the bay. The mean amplitude of the tide varies 
from over 90 cm in the western and southern portions to less than 
A0ncmeuin the eastern portions near Akimiski Island., Table 1 
lists the amplitude and phase of the major constituents of the 
tide observed at various gauge stations established in James Bay; 
we include Poste de la Baleine and Winisk to relate these 
observations to Hudson Bay proper. M2 is the major lunar 
semidiurnal constituent; it represents the mean tide. S72, the 
solar semidiurnal constituent, adds or subtracts its contribution 
to that of M2, creating spring and neap tides. N2 is of lunar 
origin and reflects the variable distance of the moon from the 
earth. We have kept it in parentheses because most likely it has 
not been properly separated from the other semidiurnal 
constituents. Kj] and 0] are diurnal constituents and are related 
to the declination of the orbits of the moon and of the earth. 
Their amplitude and phase are irregular and O01 appears to be 
twice as small as K] throughout the bay. Normally 01 should be 
about two thirds of K]. If there were no friction in James Bay, 
both of these constituents should have a node just at the mouth 
of the bay, the node of Kj being positioned a lobe lestunther 
inside the bay. In practice the node is degenerate and somehow 
O, enters the bay considerably weakened compared to Kj. All in 
all, the diurnal constituents are very much smaller than the 
semidiurnal constituents thus indicating that the tide throughout 


James Bay is truly semidiurnal at all times. 
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We may use the data presented in Table 1 to draw 
cotidal charts of the constituents over James Bay. In these 
charts the lines of equal phase may be considered as delineating 
the front of the tidal wave as it progresses up James Bay. A 
phase difference of 60° between two such lines represents about 
two hours for a semidiurnal tide and four hours for a diurnal 
tide. The lines of equal amplitudes denoted by dotted lines 
define areas within which the amplitude exceeds or is less than 
the value indicated on the rim. 

Such isopleths may be drawn in an almost infinite 
number of ways because of the scarcity and problematic value of 
the actual observations. It seems wise at this stage to solve 
the equations of hydrodynamics over a simplified one dimensional 
model of James Bay. In this way we may predict the mean vertical 
tide and tidal currents at various sections of the bay assuming 
that the tidal wave is perfectly reflected at the head. The 
results of such calculations may be combined with the coastal 
observations to draw the most plausible system of cotidal and 
coamplitude lines, besides yielding values of the tidal currents 
which have not been observed in the bay except around the Moose 


River. The equations of hydrodynamics in one dimension are 


Fx (Au) + Bx— = 0 (1) 


|u| 2 


u 


while C 


is the distance along the bay moving northward, 


is the area of a vertical section of 


Lcs width, 


is the width of such a section, 
is the mean depth of such a section, 


is the amplitude of the tide and 


4s the tidal Currens, 


the bay drawn across 


stands for the Chézy coefficient which measures the 


intensity of, fractions 


be rather high we take the value of C as C 


Since the friction all over the bay must 


45 m2/sec. 


Because of the friction term ({u|/c2H)u, the phase 


difference between Z and u varies from section to section and 


for a sinusoidal oscillation of frequency o (a given tidal 


constituent), we may write a solution to 


Z=Z) (x) cos ot + Z5 (x) Sin "ot 


U=Uy (x)'Ssindt —-mMigKx)cosot, 


so that we may write 


ana (2) in the form 


(3) 


(4) 


for the x dependence of Z and u: 


Boa}, 

BoZ9 

re eae 
C2H 


() 


(6) 


(7) 
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022 
a ae ES Ma < up| (8) 


Ul, U2, Z,, Z2 are inextricably linked because of the friction. 


(5) to (8) become useful’ to us in difference form: 


(Aul) 542 = (Au1)4 + Axo By41(21) 54) (9) 
(Au2) 542 = (Aug)3 + Axo B54q (Z2)541 (10) 
(Zi) 541 = (21) 3-1 - 4x flo/a) (ar) 5- (lal 5/c7Hj) (gig ] 1D) 
(22) 441 = (22)4-1 - 4x [ea] 5/c2H5) (az) 5+ (0/a) (ua) J (12) 


By dividing the bay into segments of length Ax, (9) to (12) 

allow us to evaluate Z and u at section 2Ax apart from the values 
set at the boundaries. We have in fact, subdivided James Bay 
into 23 segments of length Ax=10 nautical miles extending from 
51°10'N to 55°00'N. The integration has to be performed for each 
constituent. We restrict ourselves to M2 and Kj only, since 
calculating S2, N2 and 01 would simply be repetitious. We use 


for M2 (0=28.98°/hour) as boundary conditions 


n=Opcat | =o (55° LON) el eo 


Z=9l(cos ot -40°) cm at j=l (51°20'N), 
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which is equivalent to taking 


Z,=70 cm and Z22=59 cm at j=1 (14) 


e 


For Kj (o0=15.04°/hour) we take 


Bele) hehe 0 (15) 


Z=l15cos(0t—-125"°) .icues atbaed=l 


OY «.Z}=—-9. cm Z2=12 cm at j=l (16) 


Table 2 lists values of B, A and H which have been derived from 
our schematization of the bay into the 23 subsections; the actual 
profiles are presented in the appendix. Table 3 contains the 
results .of jthe, integration on (9) bo Mia eei ng >) tom Uloo. 
These values cannot describe any two dimensional features of the 
tidal motion and represent averages over a whole section. They 
are plotted at the points indicated by ix and ©.an-the cotidal 
charts and they supply considerable assistance in the drawing of 
plausible and consistent coamplitudes and cotidal lines. We draw 
Similar charts for S2, N2 and 01 using the features that had been 
delineated for Mz and Kj using the one dimensional model. All 
these charts are shown in Figures 1 to 5. 

A side product of the numerical calculations is that 
they yield values of the mean current at the various sections; 


these have been noted on the charts of M2 and Kj. Actual 
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Table 2 A one dimensional schematization of 
James Bay indicating the section j, 
(equation 13) and the width. B, the area 
A and the depth H (equations 1 and 2). 


Width Vertical Area Depth 
Section B A H 
j (km) (x106m2) (m) 
0 
al 38 
2 68 ina 
3 109 
4 DPA OlT. 16 
5 118 
6 Zoo 19 
7 203 
8 Saoe 18 
9 126 
10 Sa. 24 
al, 125 
12 Sr0 44 
ie 95 
14 3.42 33 
aL) 200 
16 5230 29 
ay IB 743) 
18 A Oak 37 
19 194 
20 See sak 
Zu E70 
22 11.44 69 
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coamplitude lines 


cotidal lines 


approximate position of 
node if friction absent 
in one dimensional 
model 


Ou inone dimensional model 
z in one dimensional model 


gauge station 


Figure 1 Cotidal and coamplitude lines for Mj.. The values 
observed are squared. x and © indicate the values 
of Z and n deduced in the one dimensional model. 
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Figure 2 Cotidal and coamplitude lines for S9. 


AeAES) 


Figure 3 Cotidal and coamplitude lines for N32. 
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Figure 4 Cotidal and coamplitude lines for Kj. 
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Z) 
Figure 5 Cotidal and coamplitude lines for 0}. 
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observations of the currents in James Bay are not available but 
some currents were measured in the estuary of the Moose River. 

Our solution to (1) and (2) depends on our assumption 
of perfect reflection at the head of the bay; in practice the 
reflection is rather diffuse and we cannot expect that the 
current observed in that area should lead the vertical tide by 
90° of phase as our calculations suggest. 

In the vicinity of Sand Head in the estuary of the 
Moose River, the vertical tide was observed on the tidal flat 
while the current was monitored in two neighbouring channels. 
At station B (Figure 6) the current was exactly 90° of phase 
ahead of the vertical tide as predicted by the model, but at 
Station E the current was more like 45° of phase ahead; the 
current at E is more representative of the current in the bay 
proper because the channel there is deeper and the flow is much 
less influenced by friction as it is at Station B. The observed 
currents are also larger than those predicted by the model, but 
it must be kept in mind that the model predicts the average 
current over a whole section while the current observed is 
present at a given point which happens to be more shallow than 
the remainder of the section. Moving away from the boundary the 
currents predicted from the model should be more representative 
and we notice that they reach their maximum of 61 cm/sec off 
Akimiski Island for M2 and 9 cm/sec for K}. Taking the 
contribution of S2 and Ng into account, the currents caused by 
the semidiurnal tide can therefore reach a magnitude of 80 cm/sec 


at spring tide when the moon is in perigee. This gives an 
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indication that the tidal currents over the body of James Bay in 


the vicinity of Akimiski Island can reach quite a respectable 


intensity. 


3. A detailed view of the flow caused by the tide in Moose River 

Up to now we have struggled with a handful of data and 
a coarse model in order to obtain some idea of the tidal motion 
in James Bay. It comes as a relief to this bleak situation to 
have in our possession the results of the detailed survey carried 
out in the Moose River and its estuary by the Canadian Hydro- 
graphic Service. (Langford, 1963). In, this. fashion we can 
actually witness the flow of water in and out of a tributary of 
James Bay which most likely is typical of what is happening 
inside the other rivers emptying into James Bay. 

The bed of the Moose River is quite undefined, shallow 
and cursed with numerous islands and drying flats of mud, sand 
and boulders. Sand flats nearly block its estuary and only the 
pressure of its impounded water manages to keep a gully open 
towards the sea (the Le Moyne Passage). The shores of the 
Moose River consist in many places of soft materials which are 
undermined by the ice and rushing waters during the spring 
freshet; later in the season, these mined areas collapse. Rapids 
effectively block the river upstream. The Moose River appears 
as rather typical of the other rivers around the bay and a study 
of the intricacies of the water movements inside it during a 
tidal cycle will help give an idea of the actual complexity of 
the patterns of flow in the vicinity of any of the other 


tributaries. 
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In Figures 6 to 9, the solid line delineates the shores 
and the islands and the dotted line the flats that dry at lower 
low water. The tide gauge stations indicated by "T.G." were set 
up at four locations. The first station at Sand Head measures 
with little distortion the tide that comes in from the main body 
of the bay. The distance between the first and last gauge 
amounts to approximately 13 nautical miles. Current meter 
Stations were established at points indicated bythe origin of 
the arrows; they are labelled by letters. We have shown 11 such 
stations. A circled point at one station indicates that at the 
moment of observation, no detectable current was noticed (slack 
water, turn). The arrow shows the orientation and the velocity in 
cm/sec is indicated. The origin of time is chosen as the moment 
when it is high water at Sand Head, the station located furthest 
out in the estuary. 

In Figure 6, three hours before high water at Sand 
Head, which corresponds to nearly 1/4 period of the semidiurnal 
tide (and therefore approximately to mean water), flood has been 
established in the estuary while the water is still ebbing in the 
upper regions of the river; as a consequence we find a region of 
no motion in the vicinity of Ship Sands Island. This front moves 
gradually upstream as the tide rises and by the time it is high 
water at Sand Head (Figure 7) the river is in flood as far as 
Moosonee. We may notice that the directions of flow in individual 
channels depends very sensitively on the bottom configuration and 
that it may change rapidly at times. In the estuary, slack water 


is already reached in Duncan Passage and in the shallower portions 


120° 


a3 a 
©) =: apessed ic a 


-peoHy pues 7e reqem ybtTYy 
ST 31 uoym ATenjse ST pue ASATY 
Sasoow eu UT peAZesqo sjuezANO sUuL 


Moy, 


L eanbtg 


yey oo 
JINOSOOW 


Yaa UOS/OYIIN 


peay pues ie saejq yoiy 
Y3SAIY SJSOOIN OL SAHOVOUddV 


Tau 


of the estuary while it is still flood over. the deeper portions. 
Slack water occurs earlier in shallow areas because of the 
friction and it will take a further 1 1/2 hours before the 
current turns in the deeper portions of the estuary. © slne 
currents turn clockwise there, while in Le Moyne Passage it 
Sslackens suddenly and turns to flood 1 1/2 hours after high 
water. This zone of slack water progresses upstream as the 
water level starts lowering, reaching the northern portions of 
the river first and the southern portions later. Three hours 
after high water (Figure 8) the river is in ebb. The water 
level is decreasing, high water having occurred at Ship Sands 
one hour after Sand Head while the water was still in flood. 
High water occurred at Nicholson Creek two hours after Sand Head 
and then it was slack water in its vicinity. Finally high water 
at Moosonee occurred 2 1/2 hours after Sand Head while the ebb 
started to take place in its vicinity. Six hours after high 
water at Sand Head (Figure 9) it is low water at Sand Head and 
the entire river continues ebbing. 

Figure 10 shows the relationship between the water 
level at the four gauge stations and the current in their 
immediate vicinity. The time interval between high water and 
Slack is noted since it gives some idea of the phase difference 
between the current and the vertical tide. Because of the net 
outflow from the river, the actual time difference between flood 
and high water is actually longer than the time noted on the 


graphs. 
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Figure 10 The relationship between the vertical tide 
and the current observed in the vicinity 
of the observing station. 
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4. Irregularities in the tidal regime 

Two factors may affect the regularity of the tides: 
the spring freshet and weather disturbances. During April-May 
ice breaks up in the rivers Surrounding James Bay and their 
discharge increases abruptly. An increase in discharge inhibits 
the penetration of the tide into the river and a wall of fresh 
water may extend a fair distance into James Bay where the tide 
will be reduced in range and where the mixing of salt and 
fresh water will take place at an intensified rate. This 
damping of the tide by a strong current is indicated by the 
solution of the equations of hydrodynamics (1) and (2) if 


Wwe represent the current by 
U SD =U Cos .(otea)., (aLi7.) 


where Up represents the steady current due to the discharge of 
fresh water and the second term represents the oscillatory term 
contributed by the tide. Assuming that the tidal current is 


never strong enough to cause any flood current, 
gt le? eae. = (18) 
[elie stteneeca ug + 2uy + 2ugujcos (ot-a) 


TOotewhich.:..) and 2). have a solution. of the: torm 


“gh whexp ao testpeition = 1- 2iguo , (19) 


Jgp | C2oD 
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There is a damping term in x of the form 


exp — slzue sin(3 arc scan 208) x (20) 
C2o0D 


which would vanish if ug, were zero. 

This situation must occur with various degrees of 
intensity depending on the strength of the freshet. At that time 
the water will be fresh vin the miyers, the overall salinity or 
James Bay in the vicinity of their estuaries will be significantly 
reduced and processes of mixing will be intensified but will take 
place further away from the shores. The stronger currents will 
carry sediments into the bay at an accelerated rate, particles of 
a larger size will be dragged along and most probably during this 
time the major portion of the nutrients fed into James Bay over 
the course of one year will be carried into it. Observations on 
the Moose River support this conjecture. 

Weather disturbances must also have a marked effect on 
the motion of water on account of the general shallowness of the 
area and the presence of modes of resonance in the bay of a 
period of only a few hours. James Bay might respond dramatically 
to the passage of some of the cold fronts which are frequent and 
most severe during early summer and the fall and to the passage 
of depressions. Rupert Bay, Hannah Bay and the portion of James 
Bay south of Akimiski Island have minimodes of their own which 
could be excited by specific patterns of wind and pressure. 
During the course of a weather surge, the level of water will 


undergo irregular oscillation and transient currents will be 
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created. Masses of salt water could invade the rivers. The 
non-linear interaction of the surge with the tide May enhance or 
decrease the water level depending on fortuitous combinations of 
pressure gradients and wind stress. Surges are most likely to 
occur during the storm seasons, namely between September to 
December and April to June. A surge, a mild one, was observed 
on the Moose River while tidal observations were being carried 
out; it occurred between October 12 and October 14, 1963 and had 
a height of 120 cm with a period of 30 hours. The accidental 
detection of such a surge indicates that these phenomena are 
probably quite frequent in the James Bay area (Figure 11). 
5. Changes caused by the regulation of the 
Nottaway, Broadback and Rupert Rivers 

Once the NBR project is completed, the tide in Rupert 
Bay will not be inhibited during the spring freshet as it 
normally is at that time of the year; this implies that a more 
regular tidal regime will tend to prevail in and around Rupert 
Bay throughout the year. The zone of mixing of fresh water and 
salt water which must wander appreciably inside Rupert Bay at the 
spring freshet will no longer suffer such fluctuations and will 
be restricted to an area defined by the intensity of spring and 
neap tides and the mean value of the regulated outflow from the 
NBR complex. Consequently, there will be fewer localized short- 
range fluctuations in density, salt and sediments. The net 
amount of nutrients brought into Rupert Bay will be reduced since 
the larger currents necessary for their intensified transport 


will no longer have any occasion to prevail: the migratory birds 
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Figure 11 A surge observed in the Moose River during 
October wal 63. 
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which feed in the bay for a short time might choose to move to 
better feeding grounds while the local sea life which is already 
at a low level will be further reduced. 

Tnesprobabilaty of occurxnence.of surges, will. inno: way 
be affected by the more regular outflow from the NBR complex. 
The primary factors controlling surges are wind strength, 
pressure patterns and pressure fluctuations; changes in the 
density of the air and of the water affect them too but 


imperceptibly compared to the other factors. 


6. Other sources of energy in Hudson Bay and Hudson Strait 
Besides the obvious sources of hydroelectric power 
which it is now intended to tap around James Bay, another potential 
source of energy could be exploited in the New Quebec with a 
minimum of ecological upheaval: the very large tide in Ungava Bay. 
hes a bittle ‘known fact. that ubhevtidal’ range “in the wicini cya. 
Leaf Basin in Ungava Bay is as large as in Minas Basin in the Bay 
of Fundy and that at some times of the year the tide in Ungava Bay 
Le glargem than wa the Bay of wlundy... in tee Bay the tidal range 
increases sotithwestward and reaches its maximum in the vicinity of 
Leaf Basin and the Koksoak River. Not only is the tide very 
large but numerous fjords and basins exist in that area which 
would be most suitable as reservoirs for tidal energy. Not only 
do they have an appreciable storage capacity but the Width of 
their mouth is relatively small so that construction of a dam 
across them would not be at all prohibitive. As well, the depths 
in the entrances are smaller than those which would have to be 


faced in the Bay of Fundy. 
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The “exploitation Of thempidal~energy ane these basins 
would not preclude in any way the conventional exploitation of 
the upper waters of the rivers emptying into some of them for the 
productton ot Hydroelectric power.” AS™@armereer on tact the two 
modes of exploitation would rather complement each other since 
the construction of hydroelectric plants upstream would reduce 
the flow of sediments into the tidal basin and this would prolong 
the useful lite of the tidal plant.” Such an’ arrangement Ws nor 
possible in James Bay because of the reduced range of the tide 
there. 

The tidal power which can be extracted from some basins 


in Ungava Bay may be estimated using the formula (Godin, 1969) 


2 2 
Die pgS, [(2h.) He ley oe (21) 
Aly 
where 0 = density of the water, So = the area of the basin, 


Ae = the amplitude of Mo, 1/2e = the amplitude of No + So + Kg and 
T = "the tidal period, 12.4" hours. “The “equation (21)" ts an*upper 
limit of *the value of the power; in practice a tidal plantwean 
extract at most 30 percent of this power. Table 4 lists the 


potential power output of some basins in Ungava Bay. 


Table 4 


Potential tidal power for some sites in Ungava Bay. 


Basin Surface area M SeatN ok 30. ‘percent’ of 
Z 5 ef ayaa. ; 
c potential tidal 
O power 
10/m? m m Megawatts 

Payne River Ll ga 4 244.2's20 67 
Leaf Basin 45.2 4 33 wee 2450 
Koksoak River sie, 1 AOD Mie 274 
George River 8.0 BIS) Melo 258 
Abloviak Fjord 4.4 end. elas 57 
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The total assessed power amounts to 3650 MW and compares 
with the whole power potential of the Grande-Riviére. In addition, 
the tidal power output is highly reliable on a yearly basis 
(Bernshtein, 1965) while fluctuating from day-to-day and its 
yearly regularity could be used to compensate the yearly variabilit 
of the output of the rivers exploited around James Baye Laas 
would involve integrating the network of the Ungava Bay project 
with the NBR, Grande-Riviére and Eastmain River projects; this 
wouldgbe most gnaturalsato dovginvany.case, simply to take advantage 


of the networks already established. 


7. References 

Bernshtein, L.B. 1965. Tidal energy for tidal power plants. 
Programe for Scientific ™ Translations. 378sp.eJerucalemn, 
Israel. 

Godin; °G. 1969 “Theory7ot the exploitation of) tidal energy and 
its application to the Bay of Fundy. Jd. Fish. ress Bd 
Canada 26-2687 —295 7. 

Langford, C.J. 1963. Moose River and approaches. Survey of 
tides, currents, density and silt. Canadian Hydrographic 


Service. Ottawa, Canada. 


134 


Page 

Soo "(Nvst or "Elgures “and tables 
Figure 1 Cotidal and coamplitude lines for M702 The*vaiLues 

observed are squared. x and © indicate the values of 

Z and n deduced in the one dimensional model. Bak 
Figure 2 Cotidal and coamplitude peseesrss5" | ibe, 
Figure 3 Cotidal and coamplitude lines for "No: ts 
Figure 4 Cotidal and coamplitude lines fork} 114 
Figure 5 Cotidal and coamplitude lines for 0}. is 
Figure 6 The currents observed in the Moose River and its 

estuary 3 hours before high water at Sand Head. Lie 
Figure 7 The currents observed in the Moose River and its 

estuary when it is high water at Sand Head. 120 
Figure 8 The currents observed in the Moose River and its 

estuary 6 hours after high water at Sand Head. 122 
Figure 9 The currents observed in the Moose River and its 

estuary 6 hours after high water at Sand Head. 123 
Figure 10 The relationship between the vertical tide and the 

current observed in the vicinity of the observing 

Station. 124 
Figure 11 A surge observed in the Moose River during October, 

Tog. 130 
Table 1 Amplitude and phase of various tidal constituents 

observed at eleven stations in James Bay and at 

Winisk and Great Whale. 104 
Table 2 A one dimensional schematization of James Bay. 109 
Table=3 Values of Mj and Kj deduced from the one dimensional 

model of James Bay. 110 


Table 4 Potential tidal power for some sites in Ungava Bay. 132 


35 


9. Appendix 
Pictorial presentation of the profiles 
derived from the schematization of the 


bay (Table 2). 
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0. ~ Abstract 


This is a preliminary study on some physical 
oceanographic problems of James Bay. The interest in this 
study arose in connection with the proposed hydroelectric 
power project on some rivers draining into James Bay. The 
normal modes of response of James Bay are calculated using a 
one dimensional topographic model. Using the method of 
characteristics it has been shown that at the southern shores 
of James Bay the storm surge amplitude could reach up to 19 
feet. It was shown that the thermohaline circulation in 
James Bay could be as intense as the wind generated circulation 
and this may explain some of the anomalous ice drift patterns. 
Although no barotropic coastal jets appear to be possible in 
James Bay, baroclinic coastal jets with a width of 7 kilometers 
(km) can occur with the core of the jet being at about 7 km 
seaward from the position where the thermocline intersects the 
bottom. The circulation in some rivers draining into James Bay 
is examined theoretically using the concepts of the three modes 
of estuarine circulation, namely the river-discharge mode, 
wind-stress mode and gravitational-convection mode. The question 
of atmospheric water balance over these river basins is briefly 
examined and some possible consequences of the man-made changes 
have been speculated. 
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i 2. LnGroduet 136m 

This is a preliminary study of some physical 
oceanographic problems in James Bay. Because of the deadline 
imposed on the time available for this study no rigorous 
numerical modelling has been attempted. The present interest 
in this study arose from the recent announcement by the government 
of Quebec to divert the waters of certain rivers flowing into 
James Bay for hydroelectric power purposes. 

Barber (1971) summarized some of the physical 
oceanographic problems in James Bay and its connected waters, 
namely Hudson Bay. He also pointed out the considerations that 
led to this,present study.) sGodinaido 74) astudicds thespropagat ion 
of the tide into James Bay using a one dimensional topographic 
model. The topographic data used in the normal mode study has 
been kindly supplied to me by G. Godin and the input data on the 
estimates for the circulation problem has been supplied by 


F.G. Barber. 


2. The normal modes of James Bay 

A knowledge of the normal modes of response of James 
Bay is useful in understanding the phenomena of tides, storm 
surges and circulation and for this reason these have been 
computed using a one dimensional topographic model. The 
linearized momentum and continuity equations for flow ina 
water body of varying cross-section are given by the so-called 


channel equations (Rao, 1968), 
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where the x axis is locally tangent to the principal axis of the 
Channel, t 1s tamerand™g astgraviry. @Theeother paramecerssé have 


the following meanings: 


M (x,t) = volume transport through a vertical section, 
n(x,t) = water level deviation from the undisturbed level, 
A(x) = area of cross-section and 

B (x) = surface width of the section. 


In the above equations, friction and terms due to 
the earth's rotation are ignored. Later we will estimate the 
possible effects of these terms on the frequencies of the normal 


modes. For free oscillations of the systems assume, 


M(x,t) = M(x)-sin(ot) and (3) 


n(x,t) = n(x) -cos (ct) 


Here M(x) and n(x) are the space dependent normal mode functions 
of James Bay and o is the frequency. Substitution of (3) into 
(1) and (2) gives: 


ear cl (4) 
oM = -gA ax 
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The boundary conditions are the following: 


M is arbitrary and n=0 at the mouth of James Bay, 


M=0 at the head of James Bay. 


Equations (4) to (7) form an eigenvalue problem of the 
frequencies o. 


Define, following Rao», (1968) 


Ax 


GAL anddsnDim eae Bi dx 


OQ 
eo 
Wt 


Then equations (4) and (5) become: 


Nea) = 14-1 7 OCiMy, 1=2(2) 22 


Mig = M3 -1 = “odin, t=3(2)23 


These finite difference forms are written with respect to a 


(5) 


(6) 


(7) 


(8) 


(9) 


(10) 


staggered grid in which M and n are computed at alternate points. 


The James Bay topography used here is the same as the one used by 


Godin (1971) in his calculation of the propagation of thes tice: 


The grid distance Ax is 20 nautical miles, this being the distance 


either between two successive M sections or two successive 7n 


Bis 


sections. In our model the grid numbering is such that, section 
one is the mouth and section twenty-four is the head of James 
Bay, opposite to the scheme of Godin (19721): 

The equations (9) and (10) were solved by prescribing 
n1=0 and M2=108 cm? sec 1 and alternately solving these 
equations. Since these are linear equations, any arbitrary 
value can be assigned to Mz. A trial value is provided for o 
for the first mode and if Mjq4 is not very close to zero, the 
value of o is changed slightly and the computation is repeated. 
This is continued until that value of o is found which makes M24 
equal to zero for practical purposes. This value of o gives the 
frequency of the fundamental mode. The same procedure can be 
used to calculate the frequencies of the higher modes. 

The trial values for o for each mode can be calculated 


from the Merian formula: 


ee pee (11) 


where Tm ais the period of the mth longitudinal mode, L is the 
total length of James Bay and H is the average depth of James 
Bay. The values used were L=230 nautical miles and H=32 metres. 
Table 1 shows the periods of the normal modes of James Bay 


calculated both from the Merian formula and from the topographic 


model. 
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Table 1 Periods of the normal modes of James Bay. 


mp 


Period Calculated from Period Calculated from 
Merian Formula Topographic Model 
Modal Number Hours Min Hours Min 
PO se a ee ee ee er eee 
1 26 45 Z2 42 
2 13 23 8 ay 
3 8 55 6 00 
4 6 4l 4 24 
5 5 2 3 48 
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Figures l(a) to 1(£) show the structures of these six 
longitudinal modes in terms of the modal functions M (x) end ines oe 
In each, the abscissa denotes the grid point number with 1 
denoting the mouth and 24 the head. The ordinate scale on the 
left side shows n and on the right side shows M. Figure 2 shows 
the positions of the nodes in James Bay computed from the 
topographic model. 

In the above calculation the effect of the earth's 
rotation is ignored, which is a serious drawback considering 
the size of James Bay. The inclusion of rotation not only 
changes the frequency of the mode but also destroys the standing 
nature sof pthe -oseidtlation by introducing amphidromic systems into 
the modal structures. James Bay may be treated as a rectangular 
bay with length about three times the average width for purposes 
of estimating the effect of rotation on the frequency of a given 
mode. Rao (1968) mentions that Van Dantzig and Lauwerier (1960) 
gave the following formula for a rectangular bay with length 
twice the width, 

£21, 


ie 4 1 
O Oo + 0.504 ES + O(£%) (12) 


where 0,5 is the lowest nonrotating frequency, given by, 


Cus a Ee hate 


Cy /ou (13) 


and where the other symbols have the same meaning as before. 
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Pigure sl 


Structure oprine Shirse siscslongretudina lL 
modes of James Bay. The abscissa shows 
the grid number (1 is the mouth and 24 
is the head). The ordinate scales on 
the eet vand usitghtisides sare Jf6r the 
water level n and the volume transport 
M respectively. > Since this! *is\“4)DPinéar 
problem the actual units are arbitrary. 
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from the topographic model. 
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The equation gives a result that is exactly opposite to 
what happens in a completely closed basin. That is, in the case 
of a rectangular bay, rotation increases the frequency of the 
lowest mode. Since in our case (Table 1) the period of the 


fundamental mode is 22 hours 42 minutes then, 


a 2m -1 
To = 53-7 = s600eese ex) 


SInCenu ee 2228 «Xi 3600 
C 200 4 
= 20,430 sec 


Fromacl2), (io 


Clee Ti £2 ie 
Go RC ant 0.504 — c 
cee 
=< 10.235 


The nondimensional period, T = 27nr/(oL/C) is therefore 
3.3, while in the nonrotating case it is 4. Thus rotation can 
reduce the period by 17.5/percent®™for a rectangular bay with 
length and fundamental mode period of James Bay and with width 
equal to half the length of James Bay. Since, in reality, James 
Bay is about three times as long as it is wide, the reduction of 


the period due to rotation would be less than 17.5 percent. 
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3. Storm surge estimation for James Bay 

Thompson (1968) summarized the climate of Hudson Bay. 
He stated that the upper air Circulation over Hudson Bay is’ ‘the 
persistent counter-clockwise air flow around a low pressure 
vortex over northern Baffin Island in winter. This gives rise 
toa general transport’ of cold aiy in a northwest to southeast 
direction in winter. Thompson further stated that since many of 
the storm centers lack sufficient moisture to cause heavy 
precipitation, i:their, principal effect is in inducing. strong north 
winds over Hudson Bay as they travel across it. He further 
stated: 

"In contrast to the broad expanses of 

Arctic tundra that surround Hudson Bay 

the sub-Arctic lands bordering James Bay 

are partially forested and thus protected 

from strong winds. As a result two of the 

most distinguishing features of Hudson Bay 

winter climate - wind chill and blowing 

snow - are not nearly as evident near James 

Bay. With this important exception and the 

fact that James Bay is several degrees of 

latitude farther south ,the factorss that 

influence the climate of James Bay are 

essentially the same as those outlined for 

Hudson Bay". 

Archibald (1969) studied the storm tracks over Hudson 
Bay and eastern Canada. As can be seen from his diagrams the 
storms move from different directions over James Bay. Since my 
present interest is in the maximum possible amplitudes of storm 
surges in James Bay, I will concern myself mainly with storms 
moving from north to south over James Bay thereby piling up water 


on the southern shore and causing large surges. Since the 


magnitude of the surge is strongly dependent upon the nature of 
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the coast of James Bay I will briefly summarize some relevant 
facts from the article by Robinson (1968). 

tty cans be aaen from Figure 1 of Robinson's article that 
the eastern half of James Bay falls into the classification of 
"East Coast Uplands", while the western, halt falls into the 
category "South Coast Lowlands". Regarding the south coast 
lowland, I quote from Robinson (1968): 


"Along the whole coast there is a flat strip 
five to ten miles wide, with the widest parts 
generally being to the north. The coastal 
zone is treeless, but grass or marshes are 
common. Storm beaches, a few feet high, are 
the ‘only topographic teatures. Tidal flats 
may be exposed for one to six miles; even 

at high tide shallow water extends far 
offshore. ...Deeper water may be found at 
the drowned river mouths, but shifting sand 
bars and minor deltaic deposits are 
navigation hazards". 


Regarding the east coast upland I again quote 
Robinson (1968): 


"The east coast and adjoining interior have 
a combination of landform features which are 
different from those west of Hudson and James 
bays, but in some characteristics they have 
regional similarities. The central and 
northern sections of the east coast are high 
and rugged, with rocky hills and drift- 
covered uplands inland, as is characteristic 
of the Northwest Hills; the southern section 
along James Bay is a poorly-drained lowland, 
although not as wide as that on the west 
Side." 


Because” of the*time*limitation-of ‘this study ,- no 
numerical modelling with topography taken into account has been 
attempted. Instead, use was made of the analytical solutions 
developed by Rao (1969) for a rectangular bay of uniform depth, 


making use of the method of characteristics. In this study 


die 


James Bay will be treated as a rectangular bay of length 230 
nautical miles, of width up to 100 nautical miles and of average 
depth 32 meters, connected to Hudson Bay at the mouth. James Bay 
can be considered narrow because its length is about three times 
its average width and a one dimensional model is used here and 
the effect of earth's rotation is suppressed. Since we are 
interested in the transient response of the bay to a time and 
space-depéndent wind field, the bottom friction is not included. 
It can be shown by order of magnitude considerations that the 
nonlinear term in the momentum equation can be omitted. 
Hydrostatic assumption has been made for the pressure field. 

For convenience, the relevant equations and the solutions will 
be summarized here. 

Let X, Z represent a cartesian coordinate system such 
that the x-axis is oriented along the length of James Bay with 
X=0 at the mouth and x=L at the southern shore. The z-axis is 
positive upwards and is measured from the undisturbed position of 
the water surface. Then the bottom is at z=-h. Here, superior 
bar denotes dimensional guantities. The vertically integrated 


forms of tke momentum and continuity equations are: 


ou era he ean (15)) 
ot dX 
Oni pei g (16) 


@ 
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where 


M Sache tea 2 | (17) 


is the volume transport through a vertical section, U being the 
horizontal velocity in the x direction and n is the deviation of 
the water level from its mean pos@tion, g is gravity, t 1s time 


and R is the force due to wind stress given by: 


Ree (18) 
p 
The boundary conditions are the following: 
M=0' at the’ head of James Bay; ive.) ati x—L, (19) 
n=0 at the mouth, i.e. at x=0. (20) 
Initially, M=0, n=0 at t=0 for all x. (2%) 


Rao (1969) introduced the following nondimensionalization: 


oe 2 R 
X == nN = eae 9 Ri a C22 
L RoL Ro 
t=it Se MoS oe M 
L RoL 


whereree=e7G. Hi (23) 
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and Re is a scale value of the wind stress. Using this scheme, 
equations (15) and (16) can be nondimensionalized. From addition 


and subtraction of these we get: 


(M +n) = R for == +1 (24) 


This states that the quantity M + n is conserved along the 
Positive and Negative characteristics dx/dt\= 41, respectively. 
Since the bay is assumed to have a uniform depth h, the positive 
and negative characteristics are straight lines given by 
C= iit SEeECOnsSe. 

I will consider two different types of stress bands and 
assume that the wind stress force R is in the form of a step 


function and moves with a constant speed V starting from x=0 at 


t=0. The nondimensional form of this translational speed is 
ice (25) 
c 
The value of R at any given point in the bay is given by 
sLagmepe tee? 7 
R = (26) 
OFPEOr t= 7 


This stress band crosses the head of the bay (x=1) at t = 1/B and 
in the case of the semi-infinite band, for t > 1/V the entire bay 


is under the influence of the wind stress. In the case of the 
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finite stress band we assume a pulse of a square wave shape with 
zero forcing ahead and behind the pulse and the width of the 
pulse being V(t-t') = VT = X where T is the time taken by the 
pulse to travel past a given point in the bay. The forcing 
function for the finite stress band can be obtained by 


superimposing on (26) another semi-infinite band R'(x',t') where 


Ono. 


JA 


(27) 


Reel, C2) 
-l1 for t' 


Iv 
<ix <x 


and t" <.t. Hence, the total torcing function for pnemcascdoert 


fini te,-band.s.width “:s 


Ostom tf 


AS 
<\ <3% 


ReR @ =(lerorme: & > ie (28) 


OB Oi by 
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Since our equations are linear, the solutions due to forcing from 
R' ‘can be obtained’ from the solutions due to forcing trom Ro by 
changing: the isign, of 7 -and replacing, © with & = ts— 41. 

Rao showed that the maximum possible elevation at the 


head is given by: 


(29) 
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He used the following representation for Ry 
Ro = 4.x 107° |wlw (30) 


where W is the wind speed (ft sec” 1) along the axis of the bay. 


If we take W=75 ft sec~l, corresponding to 51 mph we get 


= _ 2 x 230 x 6080 ors 5 
Miexeuap = SD x 3,061 “ "ot es 


18.8 feet 


For higher winds speeds the amplitude of the surge is even 
higher. The reason for the possibility of such large storm 
surges in James Bay is the long fetch and the relatively shallow 
water in the bay. 

Thus the storm surges appear to attain very large 
amplitudes at the southern end of James Bay when intense storms 
pass over it. This result coupled with the fact that the shores 
are very flat could give rise to very serious storm surge 


inundation. 


4. Circulation in James Bay 

The circulation in James Bay cannot be studied 
completely independent of the circulation in Hudson Bay to which 
it is connected at. its widest portion. As is expected for any 
large water body in the northern hemisphere, the circulation in 
Hudson Bay is dominated by a large counterclockwise cell (Murty 


and Yuen, 1970). Figure 3 shows the circulation in September 
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(left side) and in May (right side) calculated by these authors 
using wind stress computed through the balance equation. Figure 
4 shows the corresponding water level deviations. These 
calculations were made using a steady state topographic model 
and pressure data averaged over several years has been used 
in the wind stress computation. It can be seen from Figures 3 
and 4 that while the circulation itself is extremely weak and 
not too well defined in the southern portion of Hudson Bay and 
James Bay, the water level gradients in the equilibrium state 
are strong in James Bay (relative to Hudson Bay). 

The Ice Central Office at Halifax which is responsible 
for predicting the movement of ice has faced some difficulty in 
their prediction because of anomalous drift patterns, 


",..The summer of 1968 provided another 
such situation. The general water 
circulation pattern is believed to be 
a cyclonic dritw around the Bay. “This 
would normally be expected to carry 
ice from the Cape Churchill area 
southeastward toward James Bay. A 
west to northwest wind accompanying 
such drift should move the ice 
southeastward rather quickly...the 
combination of wind and water current 
drifts is almost negla&gible. 


It must be assumed, therefore, that 
during the melting period thermohaline 
processes occur which tend to disrupt 
the normally weak circulation in the 
southern bay. The addition of fresh 
water through runoff from the rivers 
along the west and south coasts also 
tends to disrupt the salinity balance 
of the southern section of the Bay. 
However, the failure of ice to drift 
southeastward under the influence 

of persistently favourable winds 
leads again to the idea of a counter- 
current in the southern part of the 
Bay, especially during the period 
when melting ice is present. 


167 


STREAM FUNCTION STREAM FUNCTION 
Balance September S> Balance May YX 


Figure 3 Stream function (for the volume sats hagcshelen ane) be uhic! 
units of 1014 om3 secu! for September (left) 
and May (right) using data averaged over 
30 years. 


EQUIB. LEVEL 


EQUIB. LEVEL 


Balance September Balance May 


Figure 4 Water level deviation in units of 1072 cm for 
September (left) and May (right) corresponding 
€o. Figure. 3. 
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Ttis obvious that a serious study 
of thermohaline relationships to water 
Circulation in this area is necessary 
before useful forecasts can be provided 
for southern Hudson Bay". (ANOiya Lor je 


Figures 5(a) to 5(f£) show a sequence of diagrams in 
which the ice conditions in Hudson Bay are shown on different 
days. These figurésare respectively the figures A274, 
18,20 and 22°4n fhe-tee Central Report for Losey rescamile 
seen from these that the ice simply melted away and did not 
move with the water current pattern. 

Tt Wis\cléearthat an estimation of #he*antensity of 
the thermohaline circulation is essential, especially to answer 
the question whether this could be strong enough to oifset the 
wind-generated circulation. Another consideration is that 
because James Bay really is part of the complex consisting of 
Hudson Bay, Hudson Strait and Foxe Basin, this system should 
be studied together and any estimates made should involve the 
length and time scales representative of this system as a whole. 
The north-south extent of this system is large enough for 8, 
the variation of the coriolis parameter with latitude to play 
a significant role. ~Because of the time limitations on Ehis 
study no numerical model has been developed. Instead, estimates 
have been made using an analytical study made by Gates (1968). 
For convenience I will summarize Gates' theory. 

"The action of surface wind stress on 

an underlying ocean has been extensively 


studied since the pioneering work of 
Ekman (1905). The characteristic depth 
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Figure 5 Ice conditions in Hudson Bay for the winter 
period of 1968-69 on six different dates. 
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of penetration of wind-induced motion 
(Ekman depth) depends upon both the 
vertical eddy diffusion and the coriolis 
parameter, and the net transport in deep 
waters iS normal to the surface wind 
stress with the horizontal velocity 
displaying the well known spiral structure. 
The modifications of these features in 
Shallow water and near coast lines were 
also explored by Ekman by the introduction 
of a bottom boundary layer whose transport 
complements that of the surface layer. In 
addition to describing the horizontal 
transport in terms of the wind stress, 

the Ekman theory provides an estimate of 
the net vertical flux required beneath the 
surface boundary layer by mass continuity. 
This is the so-called Ekman vertical 
velocity." 


Gates (1968) studied at first, a homogeneous ocean of 
uniform depth on a 8-plane and then considered stratification. 
His assumptions include steady-state, neglect of inertial terms 
and horizontal friction. The homogeneous ocean is divided into 
an interior region in between two boundary layers, one at the top 
and one at the bottom. It should be cautioned that because of 
the shallow nature of the Hudson Bay System it is debatable 
whether there really is an interior region where the vertical 
eddy viscosity is negligible. 

The characteristic thickness E of the Ekman boundary 


layer is: 


where f is the coriolis parameter and Vz is the vertical eddy 
viscosity. Gates defined E slightly differently from the 


Conventional definition of Ekman depth, the difference being, 
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here E is thickness at which the speed is reduced by the factor 

el and this is 1/7 times the conventional definition. Since 

f increases with increasing latitude, E decreases with increasing 

latitude provided v, does not change. Another assumption 

involved in Gates' study ispthat the thicknesses of the boundary 

layers are small compared to the total depth H (assumed uniform). 
The equilibrium pressure field P is determined from the 


following relation: 


9 B OPENER. 0% 
EV“P + = (2H-E) me feny 
= 2G er Mae B < (32) 
z f ‘sz 


where t is the vector wind stress with x and y components Tsy and 


Tsy- It can be seen that, when §=0 this reduces to 


Oe eee 
V<Pic = CULL ser (33) 


which was originally derived by Ekman (1923). The vertical 


velocity at the bottom of the surface boundary layer is 


Curl. o (34) 


which agrees with the Ekman vertical velocity. Here, Pp, is the 
density of the homogeneous fluid and f, is the coriolis parameter 


at the standard latitude such that 


f = fo 4 By (35) 


i 
The* vertical velocity, in the/intérior=regiion=is#dgiven 


by 
Wr — Wr + coon ok Z, (36) 


where Wy = Wx(x,y) is an arbitrary function to be determined 
knowing the wind stress. In the absence of 8, this is uniform 
in depth. 

Next, Gates introduced a surface temperature 
distribution and considered its effects on the Ekman vertical 
velocity. This temperature distribution is assumed to be 
Maintained by surface heat exchanges and Gates assumed that the 
horizontal temperature gradient decreases linearly with depth, 
from a maximum at the surface, Z=H, to zero at the bottom, z2=0. 


Thus if T is the temperature field, then 


Oo Te esa On) 
ox esp | a) 


where the subscript o denotes the value at the surface. Let the 


equation of state be 
SOs) (38) 


where a is the coefficient of thermal expansion of water. That 
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is, here we ignored the effect of salinity variations on the 

density. However, qualitatively speaking it will add one more 

term in equations (39) and: (40)... > In (38), T is the temperature 

relative to a reference value corresponding to p=p,>. eT See 
Assuming that n << H (where n is the perturbation of the 

free surface) and ep ¥% (> when n and p are undifferentiated we can 


write the following expressions for the interior geostrophic 


velocity components 


a on ag (H2 - z2) 2) 
Upr(z) = — 2 ee (39) 
I \4 f Dy 2fH JY Jo 
_ 9 an _ ag(He - 22) (oT 
MOURN leer fH ax |, fa) 


Thus the presence of a temperature gradient permits the reversal 
of the current with depth. 


The surface boundary conditions are now 


JU TSX Ogio Tr 

a + —| — Al 
OZ Povg a3) (41) 
ON ig Yom dee (42) 
OZ PoVg f\ox a 


both at z=H. The vertical velocity in the interior is given by 


= BOSON eee bo aye z3 


Thus, in the non-homogeneous case the vertical velocity varies as 
the cube of the depth in the interior while in the homogeneous 


case it varies linearly. 


a7 


The equation to determine n for the non-homogeneous 


case is given by 


2 B Sp Gl a Sie BTsx Le 2 
EV“n + = (2H-E) yx 2 ee 06 eleee ake an a: gfp, + aE a EV. 
, eu (2H _\far) , ape (3e _ H\(ar 

aes 02) hoa ns ee De ap) Moe ss (44) 


NOTE: equation (32) gives a corresponding equation for the 
homogeneous case. 


It can be seen that when 8=0 this reduces to 


oo, eee He 2 
EV“n 50, Cure ate aE (8 V ie (45) 


Thus the effect of a local excess of temperature (for example, 
V2T, <0) Susmanalogous cto. thateof, the curl ofetherantwoeyclonvc 
WINS tre Som (Cult mm ruce 0). 

Without giving any more details we will simply state 
that starting with (45) Gates showed that the thermally forced 


contribution ’sould be comparable to the wind-induced portion. 


5. Possibility of coastal jets in James Bay 

The dimensions of James Bay (length 230 nautical miles 
and average width of 100 nautical miles) are comparable to the 
Great Lakes. James Bay is very shallow (with an average depth of 
32 meters) like Lake Erie. The main difference between James Bay 
and the Great Lakes, besides the saline water in the former and 


fresh in the latter, is that James Bay has a very wide mouth and 
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is connected to Hudson Bay while the Great Lakes are essentially 


closed systems with only some interconnecting rivers. Csanady 


(1967, 1968a, 1968b) studied the coastal jets in the Great Lakes 


and his concepts (Csanady, 1971) could be applied here to study 


the possibility of coastal jets in James Bay: 


"Theoretical studies of some simple model 
Great Lakes (Csanady, 1967, 1968a,b) have 
suggested that shoreward wind drift may 
set up concentrated boundary currents of 
essentially zero potential vorticity in 
the Great Lakes by the mechanism of vortex 
stretching. Along an infinite vertical 
shore, as shown by Charney (1955) in an 
extension of Rossby's (1938) work on 
geostrophic adjustment, some coastal jets 
may be generated in this manner, although 
these would possess practical significance 
only in the baroclinic modes. Ina closed 
basin of constant depth, the implusive 
application of wind stress leads, by the 
same mechanism, to the generation of slow 
baroclinic Kelvin waves (Csanady, 1968b), 
the profile of which, perpendicular to 
shore, is very Similar to the steady-state 
coastal jets. 


The application of these previous results 
to the real Great Lakes or other similar 
bodies of water is not immediate for at 
least two reasons: 1) depth variations 
in the shore zone are certain to modify 
the vortex stretching mechanism; and 

2) a linear, frictionless theory (from 
which the above results were obtained) 
can hardly be expected to describe water 
movements accurately, particularly in 
the shallow coastal zones." 


Csanady (1971) at first considered barotropic boundary 


currents near a sloping shore. He postulates that a boundary 


current is generated by the arrival of water in the shore zone, 


either driven by wind or due to the passage of a long slow wave. 


Csanady shows that no narrow boundary currents are possible in 


the barotropic case. Then Csanady considered a two-layer system 


LTO 


and showed that the analysis for the barotropic case with a 
modified scale factor can be used for the baroclinic case. Let 

o and p' be the densities of the top and bottom layers and h and 
bebesthendepthses @hen cr aillom On) ome se thes cractdonal denci ty 
defect. The top layer depth h is assumed to be uniform while the 


depth h' of the bottom layer is variable and is assumed to be 


h* ={sy for y 


{A 


Yo 
(46) 


inyaoaetay eee sig Se 


Vv 
K< 
fo) 


where y denotes a coordinate normal to the shore and it is 
assumed that conditions are uniform along the shore (for example, 
d/ox = 0). Here, s is the beach slope. 

Csanady showed that for this problem there are two 


important parameters, K and L where 


ae €) eg (47) 
f2 : 


and 


ci (2] a (48) 
Ss ge 


Sue =J° (49) 
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Here S is the slope length scale for effective gravity ge in the 
baroclinic case. Thus for the baroclinic case, there are two 
length scales S and L. A key parameter of this problem is k 


defined in (48) which is also the same as 


seals 
Bos oye (50) 
For James Bay, we can take 
Sucre sae On 4 
e = 10-2 
(a) 
h = 5 meters 
fou L0eemsccm. 
From (48) we get 
Ke 1/2 
(52) 


Thus, the width scale of the boundary current L for James Bay is 
7 km. Also the peak current occurs at a distance of order L from 


the point where the thermocline intersects the bottom. 


6. Some miscellaneous topics 

Here I will discuss the estuarine circulation in the 
rivers that drain into James Bay. Because of strong tidal action 
the saline water intrudes into the rivers and this might give 


rise to the type of estuarine circulation discussed by Hansen 
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and Rattray (1965). They derived a set of coupled partial 
differential equations to study the circulation and salt flux 
processes for estuaries in which turbulent mixing results 
DEImarlly from tidal currents and they separated the circulation 
into modes analogous to the barotropic, =baroclinic=and Ekman 
modes of oceanic circulation. These authors state that their 
solutions (although derived for the Delaware river estuary) hold 
well for sea straits and narrows having strong tidal currents and 
well-defined water and density budgets. 

The present analysis may be of some use in understanding 
the dispersion processes and circulation in those regions of the 
Yivers that are affected by strong tidal action from James Bay. 

Hansen and Rattray divided the estuary into the three 
regimes, namely the outer, central and inner regimes, the outer 
being the elosest’ to the connecting sea.” For the circulation in 
the central regime they derived the following relation using 


Similarity theory. 


o(n) = 5 (2 - 3n + n3) - = (n = 2n2 + 03) 
Ss a i ae 
I nee 
5 aa (n - 3n3 + 2n4) (53) 
ee 
eae 


where ¢ is a stream function, n is a non-dimensional vertical 
coordinate, T is a non-dimensional wind-stress, Vv is a constant 
and Ra is an estuarine Rayleigh number. Thus, equation (53) 


expresses the circulation in the central regime as the sum of 
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three modes: the river discharge mode (term I), the wind-stress 
mode (term II) and the gravitational-convection mode (term LTele) 
The important result is that only the river-discharge mode allows 
a net transport of water. In deriving equation (53) it has been 
assumed that, in the central regime the width and depth ofthe 
river as well as the river discharge are constant. This 
assumption would be more questionable both in the outer and inner 
regimes. In the next section (Section 7) we will speculate on 
the relative influences of these three modes in some of the 
rivers and how the situation may change due to the proposed 
hydroelectric power project. 

Next we consider the question of atmospheric water 
balance. A study incorporating this along with the hydrology of 
the various river basins before and after the man-made changes 
a help to evaluate the effects of the man-made changes. At 
present, although in principle, the study could be carried out 
for the present situation, because of the necessity to handle a 
large amount of data and because of the time limitations on this 
study, this part of the study is.not carried out. However, I 
will outline a procedure described by Rasmussen (1970) and 
speculate on this in the next section. Rasmussen has developed 
the following model to study the atmospheric water balance and 
hydrology of the upper Colorado River Basin. Since any climatic 
effects are intimately connected with the atmospheric water 
balance, the following procedure developed by Rasmussen to study 
the hydrometeorology of a given river basin using data on 
precipitation and evaporation will be especially useful. I quote 


from Rasmussen: 
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"Traditionally, studies of the hydrologic 
balance of river basins have been approached 
from the viewpoint of the terrestrial part 
or the hydrologic cycle. The factors 
determining the runoff from an, area are 
precipitation, evaporation, change in 
ground-water storage, and underground 
seepage from the basin. Such an approach 
tothe ‘study -of Hydrologic’ problemsFis 

often plagued by measurement deficiencies... 
If a large mountainous region is studied, 
the measurement problem is maximized because 
not only is the density of observations low, 
but the observations are biased toward the 
lower elevations where precipitation is 
lower. 


Alternately, the atmospheric part of 

the hydrologic cycle may be studied to 
evaluate the net deposition of water 

over an area. A budget parallel to that 
of the terrestrial part of the hydrologic 
cycle must be observed. The atmospheric 
water balance may be expressed as the 
evaporation minus precipitation occurring 
at the ground over an area balanced by the 
net transfer of water mass through the 
atmospheric volume over the area and by 
the change in storage of water mass within 
the atmospheric volume. In theory then, 
given a continuous distribution in time 
and space of the atmospheric water mass, 
an accounting can be done to determine as 
a residual the quantity evaporation minus 
precipitation. «In practice, however, the 
distribution of water in the atmosphere 

is not continuously known; rather only 
water in the vapour state is sampled and 
only at time intervals of 12-hours and 
over distances of hundreds of kilometers. 
The problem is to approximate the water 
balance from this imperfect sampling 
procedure, realizing that the computation 
is only meaningful over sufficiently large 
areas and for sufficiently large weather 
systems." 


In a coordinate system with pressure as the vertical 


coordinate, the time rate of change of water and water vapour can 


be written as: 
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d ago 3 
at (qtr) = 7E (Grier YWoVO) (to) to oe (q+r) (54) 


where q is the specific humidity, r is the ratio of the mass of 
water (either in liquid oreice form) —a£o thesmass OfFJain, Vo is 
the velocity vector on a pressure surface and w = dp/dt is the 
vertical velocity in the isobaric coordinate system. Equation 
(54) can be integrated from the earth's surface to some pressure 
level at which the amount of water in any form is negligible. 
Then, making use of the continuity equation and the divergence 


theorem due to Gauss one obtains the so-called atmospheric water 


balance equation: 


us 3 
E- P== Besse 
fe i i ‘ (eng + Cyr) di-dp (59) 
GW up Beat 


where P and E are the rates of precipitation and evaporation at 
the earth's surface, g is gravity, dA is an area increment ona 
pressure surface, dl is a line increment on the vertical boundary 
and cy is the component of the wind vector WV» normal to the walls 
of the volume such that it is positive upward. If the integrals 
in (55) can be properly evaluated through observational data, the 
exchange of water and water vapour at the earth's surface, given 
by E - P can be determined as a residual. 

One should be able to obtain the same exchange of water 


at the earth's surface from the hydrological balance provided we 
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confine ourselves to surface waters. The hydrologic balance 


equation for a river basin is 
P- E=Ryo + AW+L (56) 


WhErGeR, US ChesrunOrt trom Che entare fae AW is the total 
change in the surface and subsurface water storage and L is the 
depletion from the basin due to use within the basin itself or 
due to man-made diversion from the basin. 

Miusethe results trom (55) and (56) should agreeand 
this provides a check on the validity of the computation. 
Equation (56) is straightforward enough for computation but (55) 
has to be replaced by the following finite-difference form that 


is convenient for computation 


abe N M 
pis ee eee tea nN AGS NPY 
ge a teak J J J 
fl N M : 


Here i denotes the grid point number (with maximum M) and j 


denotes the pressure level with N being the top most one. 


a 


Toeesopeculation one the possible effects due to man-made changes 
It has been shown in Section 4 that the thermohaline 

processes could give rise to circulation as strong as that due to 

wind-generation in James Bay and the southern part of Hudson Bay. 


The discharge from the rivers flowing into James Bay will be 
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effected when the project proposed by the Quebec government is 
carried out and it appears that towards the end of the winter 
season, the thermohaline processes could Become stronger and thus 
further impede the movement of ice. Though this is highly 
speculative it appears as though the movement of ice in the 
southern part of Hudson Bay may be even more restricted towards 
the end of the winter season. 

Another speculation could be made on the ice pressure. 
It appears from Russian work (Kagan, 1967a, 1967b) that because 
of tidal movement, ice could concentrate in the regions near 
amphidromic. points. —To/iliustrate- this/we reproduced Pigures 72 
from Kagan's reports of 1967a and 1967b to produce our Figure 6. 
The left side shows the cotidal lines for the M2 tide in the 
Okhotsk Sea while the right side shows the lines of convergence 
and divergence in the ice pattern. Figure 7 shows the semi- 
diurnal tide in the James Bay-Hudson Bay-Hudson Strait complex 
(Dohler, 1964). This figure shows that there are no amphidromic 
points in James Bay while there are two in Hudson Bay. Hence it 
is possible that while strong and well defined zones of 
convergence and divergence may not occur in James Bay, these 
could occur in Hudson Bay and thus create ice pressure situation. 
However, the proposed hydroelectric power project may not effect 
the tidal effects on ice. 

Although the total water discharged from the rivers 
into James Bay annually will be essentially unaffected by the 
hydroelectric power project, it is very likely that the amount of 


spring discharge into James Bay will be reduced. Because of the 
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Figure 6 Cotidal lines for the M2 cide 
(left side) and convergence— 
divergence pattern in the ice 
(right side) in the Okhotsk Sea. 
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reduction in the freshwater content at the surface, the stability 
will be reduced and this may give rise to increased upwelling. 

The storm surge activity is mainly due to wind stress 
effects and the effects of baroclinicity usually are negligible. 
Thus we do not expect any significant changes in the storm surge 
amplitudes after the construction of the hydroelectric power 
project. 

It appears that the construction of the project may 
have noticeable effects on the baroclinic coastal jet in James 
Bay. Because of the reduced freshwater content, the density 
difference between the bottom and top layers may be reduced. 
Suppose e€ is of the order of 5 x 10a then the coastal jet will 
be somewhat weakened in the sense that it may have only a width 
SEeabOwer 3. O..KM. 

Next we consider the effect of the project on the 
estuarine circulation in the central regime of the rivers. As was 
explained in Section 6 through equation (53), the circulation could 
be visualized as the combination of a river discharge mode, wind 
stress mode, and a gravitational convection mode. It is unlikely 
that the wind* stress mode will be affected by the project. However, 
it is very likely that the dominant term will be the river discharge 
mode. Naturally the relative influence of this term varies not 
only with season but also from one river to the other., The 
gravitational convection mode may play an important role in 
determining the salinity pattern, noting that the strong tidal 
action will make some saline water intrude into the rivers. 

One of the intractable problems a priori is the effect 


of the project on the local climate. Our approach to this is to 
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calculate the atmospheric water balance and compare this with the 
hydrologic water balance. In the equation for the hydrologic 
water balance given by (56) allowance is made for the change in 
water content due to man-made projects (L). However, in the 
atmospheric water balance equation given by (55) any consequence 
of human interference has to be felt only indirectly. Thus the 
only meaningful way to attempt to answer this is to calculate the 
atmospheric water balance over the river basin system using data 


before and after the power project construction. 
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Figure 1 Structure of the first six longitudinal modes of James 
Bay. The abscissa shows the grid number (1 is the mouth 
and 24 is the head). The ordinate scales on the left 
and right sides are for the water level n and the 
volume transport M respectively. Since this is a 
linear problem the actual units are arbitrary. 154 


Figure 2 Nodal positions in James Bay calculated from the 
topographic model (even modes only exist in the bay). IS 


Figure 3 Stream function (for the volume transport) in units of 
1012 cm3 sec-1l for September (left) and May (right) 
using data averaged over 30 years. 167 
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Figure 4 Water level deviation in units of 1072 cm for 
September (left) and May (right) corresponding to 
Figure 3. 167 


Figure 5 Ice conditions in Hudson Bay for the winter period of 
1968-69 on six different dates. 169 


Figure 6 Cotidal lines for the Mj tide (left side) and 
convergence-divergence pattern in the ice (right side) 
in the Okhotsk Sea. 187 


Figure 7 Cotidal lines for the semidiurnal tide in Hudson 
Bay-Hudson Strait-James Bay complex. 188 
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Water level deviation in units of 1072 cm for 
September (left) and May (right) corresponding to 
FAgure 3. 


Ice conditions in Hudson Bay for the winter period of 
1968-69 on six different dates. 


Cotidal lines for the Mp tide (left side) and 
convergence-divergence pattern in the ice (right side) 
in the Okhotsk Sea. 


Cotidal lines for the semidiurnal tide in Hudson 
Bay-Hudson Strait-James Bay complex. 
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